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ABSTRACT 
The previous Grade 275 and Grade 380 reinforcing steels have been respectively 
replaced by Grade 300 and Grade 430 steels confirming to the new standard NZS 
3402, released in December 1989. Grade 300 is similar to, but a little stronger than, 
the previous Grade 275. Grade 430 has a significantly higher yield strength, lower 
strain hardening ra~e and is more ductile and readily weldable when compared to the 
old Grade 380. ..; ; 
This project was carried out to investigate the distribution of mechanical properties 
for NZS 3402 Grade 300, and the micro-alloyed Grade 430 reinforcing steel 
manufactured by Pacific Steel Ltd. The investigation was based on data supplied by 
Pacific Steel Ltd and on data generated from mechanical tests carried out in the 
Materials Laboratory of the Mechanical Engineering Department, University of 
Canterbury. Tensile testing was carried out on the supplied material in the as rolled 
(deformed reinforcing bar) condition and on standard tensile specimens machined 
from these bars. One machined tensile specimen was pre-strained 5% and artificially 
aged to determine a strain ageing index for each cast supplied. 
For both grades of steel distributions of lower yield strength, tensile strength, 
elongation at fracture, Luder strain at the yield point, strain hardening parameters 
n and k, and three parameters measuring strain ageing index were determined. The 
characteristic yield strength, minimum and maximum yield strength ranges obtained 
were found to comply with the specified tensile properties in the new specification. 
Multiple linear regression techniques were used to investigate relationships between 
the determined mechanical properties and the steels chemical composition as 
determined by Pacific Steel Ltd. The regression analysis yielded simple linear 
equations which can be used to predict the mechanical properties of bars from 
production variations in chemical composition. 
111 
These equations reveal that the improved properties of Grade 430 reinforcing steel 
is mainly attributed to the addition of 0.04% vanadium. Grade 430 steel is found to 
" T.'., '. ~ .w # 
'be less susceptible to straIn ageirig- and can be used in plastic hinge zones in 
reinforced concrete structures. 
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1.1 GENERAL 
CHAPTER 1 
INTRODUCTION 
1 
Concrete is strong; in compression but weak in tension. In reinforced concrete 
structure, steel which is equally strong in compression and tension, is used to combine 
with concrete to improve the resistance of concrete to tensile force!, The steel used 
to provide reinforcement in concrete structures is termed reinforcing steel. 
In earthquake resistance reinforced concrete structures, reinforcing steel plays an 
extremely important role which is significantly more demanding that its basic 
function. This is due to the philosophy of capacity design of reinforced concrete 
structures to utilise both strength and energy dissipation characteristics of the system2• 
The energy dissipation characteristics are utilised to absorb and dissipate the dynamic 
seismic loads to avoid brittle failures. This energy dissipation mechanism relies on 
the ductility of the structure in the post-elastic range. In the strong column-weak 
beam design concept, the ductility of the structure is ensured by the development of 
plastic hinges in beams adjacent to column-beam joints in preference to hinges 
forming in the columns2,3. 
The absorbtion and dissipation of energy by post-elastic deformation in plastic hinges 
depends almost entirely on the ductility of the reinforcing steel2• Steels used for 
reinforcement in this structure should be capable of accommodating significant 
amounts of plastic s~rain without failure. Therefore, the ductility of reinforcing steel 
becomes an important requirement in the design of earthquake resistant reinforced 
concrete. 
The plastic hinge behaviour of reinforced concrete members is also very dependent 
on the stress-strain characteristic of the reinforcing stee13• During a severe 
earthquake, strains in the steel of plastic hinge regions may increase beyond the 
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Luder strain, consequently strain-hardening occurs. This strain increase may lead to 
large strength increases, particularly if the strain hardening rate of the steel is high 
and if the steel has.a short Luder strain which results in strain hardening occurring 
soon after yielding. Ideally, the Luder strain should be as large as possible so that 
the plastic strain is accommodated with a minimum of strain hardening. 
As a result of this flexural overstrength, during subsequent earthquakes, plastic hinges 
may be formed ill x;egions which have not been designed as such. Thus, relocation 
of the plastic hinge within the structure could give rise to an undesirable failure 
mode. In the design of seismic resisting concrete structures, an overstrength factor 
which is greater than unity is included in the calculation of the steel stress at the 
beam plastic hinges to take into account the possibly large increase in flexural 
strength. 
Strain ageing of reinforcing steel also has a significant effect on the properties of 
seismic reinforced concrete structures2• Strain ageing of the longitudinal reinforcing 
steel at plastic hinges subsequent to the first formidable seismic loading can increase 
the flexural strength at the plastic hinges as a result of the increase in yield strength 
of the steel during the ageing process. Th~ flexural overstrength brings the same 
effect as when strain hardening of steel occurs, i.e. causing the plastic hinges to form 
at alternative and undesirable regions in the structure during subsequent earthquakes. 
Cold bent reinforcing bars in the form of standard bends, returns or hooks contained 
in most regions in reinforced concrete structure will strain age during service at 
ambient temperature4• As a result of strain age embritdement, these strain aged 
regions will be susceptible to brittle failure, which may cause catastrophic fracture of 
the structure. It is therefore, very important to understand the effect of strain ageing 
on the mechanical properties of reinforcing steel used in earthquake resistant 
reinforced concrete structures. Unfortunately, information regarding strain hardening 
and strain ageing of reinforcing steels are not specified in appropriate standards, nor 
is the data on Luder strain. 
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1.2 SCOPE OF THESIS 
In view of the importance and demanding roles of reinforcing steels in earthquake 
resistant reinforced concrete structures, accurate information on tensile properties 
and quantitative data on strain hardening and strain ageing of the steels should be 
available, so that this information can be used at the design stage. This project was 
therefore carried out to investigate the distribution of mechanical properties, strain 
hardening rate anq strain ageing index for NZS 3402 Grade 300 and the micro-
alloyed Grade 430 reinforcing steels manufactured by Pacific Steel Ltd. The data 
obtained in the study can be used to determine the flexural over-strength factors of 
both grades of steel for use in the capacity design of reinforced concrete structures. 
In the steelmaking process, production variations in chemical composition is 
unavoidable. Included in this variation is the residual element content of steels 
produced from scrap (as at Pacific Steel Ltd). The second aim of the project is to 
investigate any relationship between determined mechanical properties and the 
material chemical composition of Grade 300 and Grade 430 reinforcing steels by the 
use of Multiple Linear Regression technique. It was hoped that the effect of 
chemical composition variation on bar propertiescQuld be represented by simple 
linear equations. This data will be of value to Pacific Steel Ltd in predicting the 
mechanical properties of bars from production variations on chemical composition. 
CHAPTER 2 
EXPERIMENTAL PROCEDURE 
2.1 TYPES AND SAMPLE SIZE OF REINFORCING STEEL 
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There are basically two grades of reinforcing steel being tested in this project, namely 
Grade 300 and the micro-alloyed Grade 430. Both grades of steel are manufactured 
by Pacific Steel Ltd based on the new standard of NZS 3402:198~. In addition to 
this, there are 12 samples classified as "low carbon trial heats" included in the 
analysis. 
The sample size of each grade of reinforcing steel and the "low carbon trial heats" 
steel are listed in Table 2.1. 
Table 2.1: Sample size (number of heats) of deformed reinforcing bars 
used in the analysis 
Diameter of bar (mm) 
Grade 
10 28 32 
300 15 14 17 9 
430 6 11 23 34 38 
"'ow carbon trial heats" 3 3 3 3 
Total of 
samples 
55 
113 
12 
The "low carbon trial heats" are micro-alloyed with vanadium and were produced to 
investigate the effe~t of carbon content and bar size on the mechanical properties. 
Data generated from these trial heats was grouped in Grade 430 data in the analysis 
since these steels are micro-alloyed. The overall data range provided by combining 
these two sets of data will be wider and this may improve the regression results. 
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2.2 CHEMICAL COMPOSITION OF REINFORCING STEEL 
Grade 300 is similar to the Grade 275 steel. The carbon contents of these two grades 
are identical. Generally, Grade 430 reinforcing steel has higher carbon, manganese 
and silicon contents than Grade 300 and is micro-alloyed with 0.04% vanadium. 
Chemical analysis of Grade 300 samples shows a mean vanadium content of 0.0027%. 
As vanadium is not deliberately added in Grade 300 steel, it is a residual element. 
The chemical composition of the "low carbon trial heats" is generally similar to Grade 
, ' 
430. The only significant differences are a lower carbon content and slightly lower 
vanadium content in these trial heats. 
The chemical composition of each bar (given in Appendix A) was determined by 
Pacific Steel Ltd' who also supplied the individual cast analysis. Chemical 
composition determined from bars analysis was used in the regression analysis. 
Additional chemical analysis was carried out on all the 180 bars tested in the 
Materials Laboratory to ensure that the supplied chemical composition was being 
assigned correctly to the bars. A summary of the means and statistical ranges of the 
chemical composition for Grade 300 and Grade 430 sample investigated in this 
project is shown in Table 2.2. 
Chemical 
Analysis 
C 
Mn 
Si 
S 
P 
Ni 
Cr 
Mo 
Cu 
Sn 
V 
Table 2.2: Statistical means and ranges of the chemical composition for 
Grade 300 and Grade 430 samples 
Grade 300 (Data Sets 55) Grade 430 (Data Sets 113) 
Mean Standard Maximum Minimum Mean Standard Maximum 
Deviation Deviation 
0.1858 0.0193 0.24 0.15 0.2000 0.0282 0.25 
0.5651 0.0526 0.82 0.49 1.2542 0.0747 1.50 
0.1564 0.0325 0.33 0.11 0.3265 0.0354 0.44 
0.0328 0.0075 0.044 0.Q19 0.0324 0.0065 0.047 
0.0230 0.0089 0.05 0.009 0.0254 0.0078 0.049 
0.1053 0.0136 0.16 0.090 0.1038 0.0150 0.16 
0.0938 0.0227 0.15 0.05 0.0983 0.0195 0.15 
0.0166 0.0026 0.023 0.011 0.0171 0.0035 0.027 
0.3853 0.0629 0.56 0.24 0.3861 0.0772 0.75 
0.0358 0.0055 0.056 0.02 0.0346 0.0045 0.049 
0.0027 0.0009 0.007 0.001 0.0403 0.0038 0.056 
Minimum 
0.11 
1.12 
0.23 
0.011 
0.011 
0.08 
0.05 
0.011 
0.24 
0.026 
0.033 
0\ 
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2.3 TENSILE TESTING 
For each of the supplied bars, data on lower yield strength, tensile strength and % 
elongation at fracture were supplied by Pacific Steel Ltd. These production test 
results were obtained from bars tested in the as rolled condition. These test results 
from Pacific Steel Ltd were duplicated, but since the individual results did not differ 
by much, they were represented by a single average value in the analysis . 
. . 
Mechanical tests carried out in the Materials Laboratory of the Department involved 
tensile testing of the supplied material in the as rolled (deformed) condition and on 
standard tensile specimens machined from these bars. The dimensions of the 
standard tensile specimens are given in Appendix B. 
The as rolled deformed bars were tested using the Baldwin universal testing machine. 
However, both ends of the deformed bar were machined to provide smooth gripping 
surfaces to avoid damage to the machine grips. Using a 75 mm gauge length 
extensometer attached to the bar gauge length, a load vs elongation curve was 
obtained. This data incorporated lower yield strength, Luder strain, tensile strength 
and % elongation at fracture. However, out of 180 deformed bars tested, 57 bars 
fractured outside the specimen gauge length. The locations of these fractures were 
observed to be at the upper machined end of the bars. As a result, there was no 
complete set of data on % elongation at fracture. It was therefore decided to 
exclude the remaining data in the analysis. Calculations of lower yield strength and 
tensile strength were based on the effective cross section areas of the deformed bars. 
Pacific Steel Ltd uses nominal areas for the determination of stress in their test 
speClmens. 
Standard tensile specimens were tested using the Satec testing machine. However, 
tensile specimens machined from deformed bars of diameter 10 mm and 12 mm were 
tested using the Instron testing machine. This enables a 25 mm gauge length 
extensometer to be used on these smaller tensile specimens which would not have 
been possible on the Satec testing machine. 
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In addition to recording the lower yield strength, tensile strength, % elongation at 
fracture and Luder strain, the strain hardening characteristics over the initial 8% 
plastic strain were determined from the stress vs strain graphs for the machined 
specimens. Determination of strain hardening exponent n and strain hardening 
coefficient k is described in Chapter 3. 
To study the strain ageing characteristics of Grade 300 and Grade 430 reinforcing 
steel, one machine~ tensile specimen was pre-strained 5% and artificially aged at 
100°C for three hours to determine the strain ageing index for each cast supplied. 
According to Hundy's equation6, this ageing is equivalent to natural ageing at 15°C 
at one year. Pre-straining of tensile specimens and the final testing of the artificially 
aged specimens were carried opt on the Satec and Instron testing machines. From 
the continuous re.cord of stress vs strain during the initial 5 % prestrained of the 
specimen, a further set of data incorporating lower yield strength and Luder strain 
was obtained. Average values of lower yield strength and Luder strain from two 
tensile specimens was therefore used in the analysis. 
Change in yield stress 6. Y due to 5% strain ageing was determined from the recorded 
stress-strain curve based on the same specimen. However, changes in tensile strength 
6.U and elongation 6.El were determined by comparison with the initial tensile test 
result. 
The tensile results produced from different types of specimen of all the supplied bars 
are given in Appendix C. 
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CHAPTER 3 
DISTRIBUTION OF REINFORCING STEEL PROPERTIES 
3.1 INTRODUCTION 
Reinforcing steel conforming to the new standard NZS 3402: 1989 has been 
commercially available and widely used over the past year. Grade 300 is similar to, 
but a slightly improved form of the previous Grade 275. However, Grade 430 is a 
completely new steel, micro-alloyed with vanadium and designed to provide a high 
yield strength range, high ductility and low strain age hardenint. In order to 
evaluate the mechanical properties of this steel, statistical studies were carried out 
based on extensive measured data. 
For the two grades of reinforcing steel, the distribution of lower yield strength, tensile 
strength, % elongation at fracture, Luder strain at the yield point, strain hardening 
parameters and three parameters measuring the strain ageing index were determined 
based on data generated from tensile tests on machined specimens. The distribution 
of lower yield strength, tensile strength and % elongation at fracture were also 
determined from data supplied by Pacific Steel Ltd, for comparison with a similar set 
of data from deformed reinforcing bar tested in the Materials Laboratory at the 
University of Canterbury. 
linear regression analyses were carried out on different sets of data to investigate the 
correlation between the properties. 
3.2 DEFINITION OF PARAMETERS 
NZS 3101:19828 assumes an elastic perfectly plastic stress-strain relationship for 
reinforcing steel which ignores the strength increase due to strain hardening. The 
idealised steel stress-strain curve is shown in Figure 3.1. This model is inappropriate 
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for capacity design consideration since the strength at the plastic hinge regions can 
be increased significantly by strain hardening at strains beyond the yield point. 
Figure 3.1: The idealized steel stress-strain curve 
A typical stress-strain relationship for reinforcing steel used in reinforced concrete 
structures is shoym in Figure 3.2. The corresponding properties investigated in this 
project are summarised below:-
V\ 
d 
OJ 
UYS 
_----.::.::=-T5 
strain 
hardening 
eiongarion 
rlULIUrl:? 
Figure 3.2: Schematic tensile load/elongation curve for a structural grade steel 
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3.2.1 Lower Yield Strength 
As shown in Figure 3.2, the curve indicates an initial linear elastic portion up to a 
point. When this point is reached, a sudden drop of load occurs. This point is called 
the upper yield point and corresponds to the stress where plastic deformation is 
initiated. Following this drop the load fluctuates about an approximately constant 
value inhabiting Luder bands form and spread along the specimen gauge length. The 
lowest value measured is called the lower yield point. The stress at the lower yield 
point is referred to. as the lower yield strength. 
3.2.2 Luder Strain 
Luder strain or yield point elongation refers to the elongation which occurs at the 
lower yield stress. This is the region of the stress-strain curve where the strain is 
approximately independent of stress. The extent of the Luder strain is generally a 
function of the strength of the steeL High-strength high-carbon steels usually have 
a much shorter Luder strain than lower-strength low-carbon steels. When the 
concrete structure is subjected to seismic loadings, Luder strain of the reinforcing 
steel will accommodate the post-elastic deformation which occurs at plastic hinges. 
The larger the Luder strain, the more plastic strain can be accommodated with a 
minimum of strain hardening. 
3.2.3 Strain Hardening 
The strain hardening region of a typical stress-strain curve of reinforcing steel 
commences when the stress increases at the end of the Luder strain extension. When 
steel strain hardens, increasing force must be applied in order that deformation may 
continue. The rate of stress increase over the uniform strain hardening region is 
governed by strain hardening rate which is a property of the material. With 
increasing strain, the rate of strain hardening diminishes due to the dynamic recovery 
processes within the metal. 
In the design of seismic resisting reinforced concrete structures, a flexural over-
strength factor is used in the calculation of stress at plastic hinges in order to account 
for any increase in strength due to the strain hardening of the reinforcing steel. The 
commencement of strain hardening is determined by the extent of the Luder strain. 
Hence, a large Luder strain will minimise the influence of strain hardening. Luder 
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strain and strain hardening rate are very important properties of reinforcing steel. 
However, this data is normally not specified in the relevant standards. 
In the stress-strain model proposed by Mander et a19, a strain hardening modulus was 
used to define the strain hardening curve. The strain hardening modulus (Esh) is the 
tangent to the strain-hardening curve at its starting point, as shown in Figure 3.3. 
Figure 3.3: Mander's stress-strain model 
The strain hardening modulus is equivalent to the strain hardening rate at the 
commencement of uniform strain hardening. However, this model does not consider 
the variation of strain hardening rates beyond the starting point of the strain 
hardening curve. This model also has a limitation in that the accuracy of the strain 
hardening modulus depends entirely on the accuracy in defining the starting point of 
the strain hardening curve and on the accuracy of drawing the tangent line through 
this point. 
In this study, a different approach is employed to determine the strain hardening rate. 
In analysing the strain hardening characteristics, the tensile curve for the initial 8% 
strain was assumed to obey an exponential relationship of the form 
where, 
a == true stress 
e = true strain 
k = strain hardening coefficient 
n = strain hardening exponent. 
13 
- Eqn. 3.1 
Stresses at intervals of 1 % strain for the initial 8% of strain were obtained from the 
stress-strain curve produced on the Satec testing machine. The corresponding true 
stress and true strain were calculated using Equations 3.2 and 3.3. 
where, 
a ~ f(l + A) 
e = In(l + A) 
f = engineering stress 
A = engineering strain. 
Equation 3.1 can be rewritten as 
In a = n In e + In k 
- Eqn. 3.2 
- Eqn. 3.3 
- Eqn. 3.4 
By plotting a graph of In a versus In e and using the linear regression technique to 
obtain the best fit line, nand k are easily determined. 
The strain hardening rate during plastic deformation is then given by 
da _ nk( e )n-l 
de 
- Eqn. 3.5 
and can be determined if nand k are known. This method of determining the strain 
hardening rate is based on a large portion of the strain hardening curve to obtain the 
mean values of nand k. Therefore, the strain hardening rate determined in this way 
more accurately represents the true behaviour of the steel during plastic deformation. 
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3.2.4 Tensile Strength 
When stressed to beyond the elastic limit ductile metals usually flow plastically, and 
because the metal strain hardens, increasing force must be applied in order that 
deformation may continue. Consequently, a maximum force is recorded at the point 
of plastic instability. Further increasing the strain beyond the point will cause a 
reduction in force or load. Eventually a point is reached in the tensile test where 
fracture occurs. The tensile strength is defined as the maximum recorded force 
divided by the tensile specimen's original cross-sectional area. The tensile strength 
is one of the reinforcing steel properties used to determine the flexural overstrength 
factor in the theoretical moment-curvature analysis3• 
3.2.5 Elongation at Fracture 
The elongation measured over the gauge length at fracture as a percentage of the 
original gauge length is used to represent the ductility of the steel. Ductility is also 
a function of the strength of steels in a similar way to Luder strain. In general, 
higher-strength high-carbon steels are less ductile than lower-strength low-carbon 
steels, In the design of reinforced concrete structures, it is essential for the safety of 
the structure that the reinforcing steel should be sufficiently ductile to undergo large 
plastic strains. The necessary elongation at fracture of steels is specified in the 
relevant standards. 
3.2.6 Strain Ageing in Reinforcing Steel 
When a specimen of low-carbon steel is strained to beyond the yield point elongation 
(Luder strain) and then unloaded followed by ageing at ambient (natural ageing) or 
elevated temperature (artificial ageing), the yield point re-emerges at a higher stress. 
This return of the yield point is referred to as strain ageing and is accompanied by 
an increase in tensile strength and a reduction in ductility. The new lower yield point 
is higher than the flow stress at the end of prestraining. Strain ageing is measured 
by values of ll. Y, ll. U and ll.El as shown in Figure 3.4. In addition to the changes in 
tensile properties, strain ageing also causes an increase in the fracture mode 
transition temperature which is referred to as strain age embrittlement. 
a 
« 
o 
..J 
16U~ 6yt 
Unoged /' 
!----l 
6E 
Prestroin 
ELONGATION 
Figure 3.4: Effect of strain ageing on the load-elongation curve 
for low carbon steel. 
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Strain ageing is caused by the 'locking' of newly formed dislocations resulting from 
plastic straining. This 'locking' occurs by the segregation of interstitial atoms to 
these dislocation sites, and hence results in the re-emergence of the discontinuous 
yield point. It has been shownlO that "active" nitrogen (nitrogen not combined with 
elements which form stable nitrides) results in strain ageing at ambient and elevated 
temperatures, whereas carbon only contributes to strain ageing at elevated 
lewperalUiC:. 
An increase in the yield strength of the steel during the strain ageing process will 
increase the flexural strength at plastic hinges of the reinforced concrete structures. 
A"i a result, the energy absorbing deformation will occur at an alternative location 
within the structure. Strain age embrittlement associated with the strain aged region 
in concrete structures could also result in cleavage fracture of reinforcing bar causing 
catastrophic failure of the structure during a seismic event. It is, therefore, essential 
to make a quantitative assessment of the effect of strain ageing in reinforcing steel 
by means of measuring the strain ageing parameters. This was carried out in this 
16 
investigation. However, the change in fracture transition temperature was not 
determined, but this has been reported elsewherell. 
3.3 DISTRIBUTION OF LOWER YIELD STRENGTH 
Distributions of lower yield strength of Grade 300 reinforcing steel for different sets 
of data are shown in Figures 3.5, 3.6 and 3.7. As can be seen from the figures, the 
mean lower yield· strength for machined specimen tested at the University of 
Cant~rbury (machined specimen), deformed bar tested at the University of 
Canterbury (lab deformed), and deformed bar tested by Pacific Steel (P.S. deformed) 
are 339.8 MPa, 310.4 MPa and 329 MPa respectively. Figures 3.8,3.9 and 3.10 show 
the distributions of lower yield strength of Grade 430 reinforcing steel produced from 
the different sets of data, with the respective means of 466.7 MPa, 438.3 MPa and 
467.5 MPa. The small cluster of data observed at the lower 'tail' of the 
distributions results from 12 samples of special low carbon heats produced for trial 
purposes. These samples are of lower carbon content than the normal Grade 430 
steel and the lower yield strengths fall in the range between 370 MPa and 430 MPa. 
Simple linear regression was used to investigate the variation of lower yield strength 
between different sets of data. The regression analysis carried out based on Grade 
300 data is of low significance level and can be misleading. This is because of the 
small number of data sets (55) spreading over a relatively small range of values, as 
shown in Figure 3.11. The regression line obtained from the analysis of Grade 430 
data does not compare well with the expected correlation as shown in Figure 3.12. 
When the data from Grade 300 bars is combined with that for the Grade 430 bars, 
the combined data set is larger and the range of values is wider. Consequently, the 
accuracy of the regression analysis is substantially improved as shown in Table 3.1 
and Figure 3.13. It is justifiable to use the combined data because the regression 
analysis was carried out mainly to investigate the correlation between different test 
specimen geometry and not between grades. 
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Table 3.1: Comparison of linear regression equation of lower yield strength of 
machined specimens 
Grade Data Sets Linear Regress/on Equations. Eqn. t Eqn. Significance 
' .. 
Value Level 
300 55 LYSmach = 0.466 LYSdef + 195 3;61 0.1% 
430 125 LYSmach = 0.525 L YSdef + 235 10.8 > > 0.00002% 
Combined 180 LYSmach = 0.908 L YSdef + 66 37.11 > > 0.00002% 
Note: L YSmach lower yield strength of machined specimen 
lower yield strength of lab deformed bar 
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Figure 3.13 reveals that lower yield strength for machined specimens are greater than 
those of the lab deformed bars. Whereas, regression of lower yield strength based 
on machined specimen data and P.S. deformed data yielded a regression line that 
agrees very well with the expected correlation as shown in Figure 3.14. The 
regression line is represented by Equation 3.6. 
L YSmach = 0.892 L YSps + 48 - Eqn. 3.6 
where, 
L YSps = lower yield strength of Pacific Steel deformed bar. 
Regression analysis carried out on the two sets of data from deformed bars reveals 
that lower yield strengths recorded by Pacific Steel Ltd are generally greater than 
those for similar bars tested in the Materials Laboratory, see Figure 3.15. Assuming 
the parts of the regression line associated with Grade 300 and Grade 430 data are 
respectively parallel to the expected correlation, differences of 20 MPa and 30 MPa 
can be estimated. 
For Grade 300 steel, the distribution produced from lab deformed data (Figure 3.6) 
has the lowest mean value of 310.4 MPa. The differences in mean values between 
Figure 3.6 and data produced from machined specimens (Figure 3.5) and data 
produced by Pacific Steel (Figure 3.7) are 29.4 MPa and 18.6 MPa respectively. The 
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latter figure is consistent with the difference of 20 MPa estimated from Figure 3.15. 
The difference in mean values between Figures 3.5 and 3.7 is 10.8 MPa. Generally, 
these distributions do not appear to be normal, probably because of the small number 
of data sets examined. 
Comparison of Figures 3.8 and 3.10 for Grade 430 steel shows that the distributions 
for these data sets are closely comparable. The difference in mean is less than 1.0 
MPa. However, distribution produced from lab deformed data shows a mean 28.4 
MPa less than that shown in Figure 3.8. When comparing Figures 3.9 and 3.10, P.S. 
deformed data is found to have a mean 29.2 MPa higher than the lab deformed data. 
This figure agrees well with the 30 MPa difference estimated from Figure 3.15. 
Tables 3.2 and 3.3 show the comparison of the statistical means and the ranges of 
lower yield strengths with the properties specified in NZS 3402:1989. It should be 
noted that the statistical data of all parameters in the study for Grade 430 steel were 
determined based on data from the 113 samples only. This is because the mean 
values of the parameters, particularly lower yield strength and tensile strength, were 
found to be affected substantially if data from the "low carbon trial heats" were 
included in the analysis. 
Table 3.2 shows that all the lower yield strength data for Grade 300 steel supplied 
, 
by Pacific Steel Ltd and generated in the Materials Laboratory were found to lie 
within the specified range for yield strength. When considering the characteristic 
strength, the lower characteristic strength determined from lab deformed data is less 
than the specified value and the upper characteristic strength of machined specimen 
data is 4.4 MPa higher than the specified value. For Grade 430 steel, lab deformed 
data does not fulfil the specified minimum yield strength and the lower characteristic 
strength. The differences are 17 MPa and 34.5 MPa respectively. However, 
machined specimen data and P.S. deformed data generally agree with the specified 
values. 
Table 3.2: Statistical means and ranges of lower yield strength for Grade 300 
reinforcing steel (Data Sets 55) 
Source Mean Standard Yield Strength Characteristic 
Deviation Strength 
Minimum Maximum Lower Upper 
; MPa MPa MPa MPa MPa MPa 
Specified Properties 275 380 300.0 355.0 
(NZS 3402:1989) 
Machined Specimen 339.8 11.90 314 373 320.2 359.4 
Lab Deformed 310.4 11.33 277 340 291.8 329.0 
P.S. Deformed 329.0 13.00 300 372 307.5 350.5 
Table 3.3: Statistical means and ranges of lower yield strength for Grade 430 
reinforcing steel (Data Sets 113) 
Source Mean Standard Yield Strength Characteristic 
Deviation Strength 
28 
Minimum Maximum Lower Upper 
MPa MPa MPa MPa MPa MPa 
Specified Properties 410 520 430 500 
(NZS 3402: 1989) 
Machined Specimen 466.7 18.61 424 517 436 497.3 
Lab Deformed 438.3 26.00 393 502 395.5 481.1 
P.S. Deformed 467.5 19.1 439 533 436.1 498.9 
Note: The Lower and Upper characteristic strength values are respectively the expected 5 and 95 
percentiles for the distribution of tested yield strength. 
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In both grades of steel, statistical data of machined specimens is in good agreement 
with P.S. deformed data, but data of lab deformed bars is lower than the other two 
sets. The differences may have resulted from the following factors. 
(1) Variation in the area of cross section of the bar 
As mentioned earlier in Chapter Two, Pacific Steel Ltd calculated the stress 
based on the nominal areas of the deformed bars. Tensile test results 
obtained in t¥e Materials Laboratory are based on the effective (actual) cross-
sectional areas (ECSA) of the deformed bars, calculated from individual bar 
weights using Equation 3.7. 
ECSA(mm2) - weight of bar (kg) x 127388.54 
length of bar (mm) 
- Eqn. 3.7 
Previous investigations12 have shown that the measured cross-sectional areas 
of reinforcing bars deviate from the nominal areas. Figures 3.16, 3.17 and 
3.18 show variations of effective cross section areas of all the reinforcing bars 
tested in the laboratory. Table 3.4 shows the comparison between the 
nominal and the mean effective cr.oss section area and the associated 
reduction. It should be noted that only six 10 mm bars were tested and the 
mean calculated could easily be affected by an extreme value. 
Table 3.4: Nominal and effective cross section area of lab deformed bars 
Bar Diameter No. of Bar Cross Section Area mm2 % Reduction 
mm Tested Nominal Effective 
10 , 6 78.54 79.30 - 0.9 
12 11 113.10 111.43 1.5 
20 19 314.16 311.64 0.8 
24 40 452.40 449.74 0.6 
28 54 615.75 612.45 0.6 
32 50 804.25 795.24 1.1 
Figures 3.16, 3.17 and 3.18 show that the effective cross-sectional areas of 
different sizes of reinforcing bar are generally smaller than the nominal cross-
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sectional areas. This suggests that determination of stress based on effective 
cross-sectional area will result in a higher stress value. However, this 
contradicts the regression result shown in Figure 3.15. By considering all bars 
above 12 mm diameter (see Table 3.4), an average of approximately 1% in 
reduction of area can be obtained. This will correspond to an increase in 
stress of 1% if effective cross-sectional areas are used in the calculation of 
stress. 
(2) Effect of test bar shape 
As many as 57 deformed bars tested in the laboratory fractured outside the 
gauge length. . All the fractures were located at the top machined end of the 
bars where the bar ribs were removed to avoid grip damage. This 
phenomengn could probably be due to misalignment of test pieces. Slipping 
of test bars would occur and this could affect the axiallity of loading. In 
addition, any sudden reduction of area: at the machined ends would 
correspond to a point of stress concentration. As a result, fracture would 
occur at these points at a lower applied stress. 
However, it has been shown13 that the lower yield strength is relatively 
unaffected by test piece geometry and the testing technique. The relatively 
large distortion associated with the Luder's extension allows the test piece to 
accommodate itself to small amounts of non-axiallity of loading, and the 
Luder's band is itself a stress concentration. Table 3.5 shows that there is only 
a marginal difference in mean values of lower yield strength between 
deformed bars which fractured outside the gauge length and those fracturing 
inside the gauge length. 
Table 3.5: Comparison of mean lower yield strength of bars which fractured 
inside/outside the gauge length (G.L.) 
Grade Bars Fractured Inside G.L. Bars Fractured Outside G.L. 
Data Sets Mean L YS, MPa Data Sets Mean L YS, MPa 
300 35 311.4 20 308.9 
430 88 433.0 37 428.6 
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(3) Effect of Strain Rate 
It has been demonstrated13 that rapid loading can cause a significant increase 
in the lower yield strength of steeL Mander9 shows that the effect of a fast 
strain rate on the yield strength can be included by modifying the quasi-static 
value by a dynamic magnification factor as follows:-
where, 
- Eqn. 3.8 
(fs)dyn is the yield strength measured at a fast strain rate 
fs is the yield strength measured at quasi-static strain rate, assume 
strain rate of O.OOOOl/sec 
Ds. is a dynamic magnification factor. 
The dynamic magnification of steel strength is assumed to be of the form of 
an equation suggested by Bodner and Symonds14• 
where, 
- Eqn. 3.9 
d is a constant 
e is the strain rate 
es is an experimentally defined parameter equal to the rate of 
strain when the material strength doubles 
n is a constant. 
Regression analysis of the experimental data reported by the ACI committee 
43915 carried 'out by Mander yielded values for the parameters d, es and n. 
The resulting dynamic magnification equation for low carbon steel under 
tensile loading was found to be 
0.953 [ 1 + 17~ I~ 1 - Eqn. 3.10 
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It is likely that production testing in a steel works will be carried out at a 
higher strain rate than is common in a teaching laboratory. Pacific Steel Ltd 
uses a higher strain rate in its tests than those carried out on the Baldwin 
universal testing machine in the Materials Laboratory. The strain rate used 
in the Satec testing machine to test the tensile specimens is also considerably 
higher than the rate used in the Baldwin universal testing machine. The 
discrepancy in lower yield strength of lab deformed and P.S. deformed and of 
machined specimen and lab deformed, as shown in Tables 3.2 and 3.3, is 
f 
believed to ,be mainly attributed to different strain rates being employed in the 
tensile tests. 
3.4 DISTRIBUTION OF TENSILE STRENGTH 
Figures 3.19, 3.20 and 3.21 show the distributions of tensile strengths of Grade 300 
reinforcing steel for different sets of data. The mean values are 489.5 MPa, 431.7 
MPa and 464.1 MPa for machined specimens, lab deformed and P.S. deformed bars 
respectively. Distributions of tensile strengths for Grade 430 steel are shown in 
Figures 3.22, 3.23 and 3.24. The mean values are 633.8 MPa, 573 MPa and 606.8 
MPa. Contributions from the "low carbon trial heats" samples can be seen at the 
lower (tail' of the distributions. The tensile strengths of these samples fall in the 
range between 455 MPa and 565 MPa. 
Unlike the lower yield strength, regression analysis carried out on machined specimen 
data and P.S. deformed data reveals that the tensile strengths of machined specimens 
are higher than the deformed bars tested by Pacific Steel Ltd, as shown in Figure 
3.25. Regression analysis of two sets of data from deformed bars shows that the 
. 
tensile strengths recorded by Pacific Steel Ltd are higher (see Figure 3.26). 
Comparison of distributions of the tensile strengths of Grade 300 steel shows that the 
distribution produced from machined specimen data (Figure 3.19) is almost identical 
to the P.S. deformed distribution (Figure 3.21), but an increase in mean of 25.4 MPa 
is observed. However, the distribution of lab deformed data (Figure 3.20) is not seen 
to be comparable to the other two distributions. The same phenomenon is observed 
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in comparing distributions of Grade 430 steel (Figures 3.22, 3.23 and 3.24). In both 
grades of steel, lab deformed data has the lowest mean tensile strength. 
The regression line in Figure 3.25 is parallel to the expected correlation and a 
difference of approximately 25 MPa can be estimated. This figure is consistent with 
the difference in means of 25.4 MPa between Figures 3.19 and 3.21, and 27 MPa 
between Figures 3.22 and 3.24. The difference in the mean tensile strength between 
machined specimeq. data and P.S. deformed data is probably attributed to the 
geometry and condition of the test specimen. Unlike the good surface finish on the 
parallel length of a standard tensile specimen, defects on the surface and ribs of 
deformed bars could result in a series of stress concentrations and consequently lower 
the tensile strength. 
Figure 3.26 shows that the tensile strengths of deformed bars recorded by Pacific 
Steel Ltd are generally greater than for those tested in the Materials Laboratory. A 
difference of 30 MPa is estimated from Figure 3.26. The difference in mean between 
P.S. deformed data and lab deformed data for Grade 300 and Grade 430 steels is 
32.4 MPa (see Figures 3.20 and 3.21) and 33.8 MPa (see Figures 3.22 and 3.23) 
respectively. The difference is mainly due to the different strain rates used in the 
tensile tests, as Mander et al9 have found that it can be assumed that the strength of 
steel is increased by a fast strain rate by the same amount throughout the entire 
loading range. 
Table 3.6 shows that lab deformed bars which fractured outside the gauge length 
have a significantly lower tensile strength. The mean tensile strength of lab deformed 
data is likely to be lowered by tensile strengths of those bars fracturing outside the 
gauge length. 
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Table 3.6: Comparison of mean tensile strength of bars which fractured 
inside/outside the gauge length (G.L.) 
Grade Bars Fractured Inside G.L. Bars Fractured Outside G.L. 
Data Sets Mean TS, MPa an TS, MPa 
300 35 448.2 20 402.9 
430 88 578.0 37 528.5 
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Table 3.7 summarises the statistical means and ranges of tensile strength for Grade 
300 and Grade 430 reinforcing steels. Although there are differences in the mean 
tensile strength between different sets of data, all values tabulated in Table 3.7 have 
no difficulty in complying to the TS/YS ratio as specified in NZS 3402:1989. The 
specified minimum and maximum TS/YS ratios for Grade 300 and Grade 430 
reinforcing steels are 1.15, 1.50 and 1.15, 1.40 respectively. 
Table 3.7: Comparison of statistical means and ranges of tensile strength 
for Grade 300 and Grade 430 reinforcing steels 
Source Mean Standard Minimum MaxImum 
Deviation 
MPa MPa MPa MPa 
Grade 300 Steel (Data Sets 55) 
Machined Specimen 489.5 12.74 460 529 
Lab Deformed 431.7 31.39 365 491 
P.S. Deformed 464.1 14.81 424 504 
Grade 430 Steel (Data Sets 113) 
Machined Specimen 633.8 27.7 590 720 
Lab Deformed 573.0 37.7 495 658 
P .S. Deformed 606.8 22.9 575 691 
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3.5 DISTRIBUTION OF % ELONGATION AT FRACTURE 
Figures 3.27 and 3.28 show the distributions of % elongation at fracture for Grade 
300 reinforcing steel produced from machined specimen data and P.S. deformed data. 
There is no distribution for lab deformed data due to an incomplete set of results, 
because some deformed bars tested in the laboratory fractured outside the gauge 
length. Distributions of % elongation at fracture for Grade 430 reinforcing steel are 
shown in Figure 3.29 and 3.30. As can be seen from these figures, data points of "low 
carbon trial heats" samples fall in the range between 29% and 35%, at the higher 
'taiP of the distributions. 
Regression of these two sets of data yielded a regression line which does not agree 
with the expected correlation, as shown in Figure 3.31. There is also no indication 
of a consistent difference between the regression line and the expected correlation. 
The difference in mean values between data produced from machined specimens 
(Figure 3.27) and data produced by Pacific Steel Ltd (Figure 3.28) is less than 1.7%, 
but the standard deviation of the distribution in Figure 3.28 is approximately twice 
that of Figure 3.27. For Grade 430 steel, the mean of the P.S. deformed data is 
lower by 4.6% than the machined specimen data but the distribution has a standard 
deviation twice that produced from machined specimen data (Figure 3.29). 
Generally, distributions of P.S. deformed data have a wider range as indicated by the 
higher standard deviation. This is because tensile testing of non-standard tensile 
specimens normally gives rise to greater variation in the results due to the fact that 
all deformed bars being tested would have slightly different dimensions and surface 
conditions. The regression line in Figure 3.31 is undoubtedly affected by the 
difference in the range of the two sets of data. 
For both grades of steel, machined specimen data was found to have a higher mean 
% elongation at fracture than P.S. deformed data. This is probably because of the 
difference in the test piece geometry and condition. 
As expected, the lower strength Grade 300 reinforcing steel was found to have better 
ductility than the higher strength Grade 430 steel. Table 3.8 shows the statistical 
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means and ranges of % elongation at fracture for Grade 300 and Grade 430 
reinforcing steels. All the mean values shown in Table 3.8 are greater than the 
minimum elongation of 20% and 15% for grade 300 and Grade 430, specified in NZS 
3402:1989. 
Table 3.8: Satistical means and ranges of % elongation at fracture for 
Grade 300 and Grade 430 reinforcing steels 
Source Mean Standard Minimum Maximum 
f Deviation 
% % % % 
, 
Grade 300 Steel (Data Sets 55) 
Machined Specimen 34.0 1.57 30 37 
P.S. Deformed 32.3 2.96 24 38 
Grade 430 Steel (Data Sets 113) 
Machined Specimen 28.7 2.00 25 32 
P.S. Deformed 24.1 4.00 15 28 
3.6 DISTRIBUTION OF LUDER STRAIN 
The distributions of Luder strain were produced from machined specimen data and 
lab deformed data only. Pacific Steel Ltd does not supply data on Luder strain. 
Figures 3.32 and 3.33 show the distributions of % Luder strains for Grade 300 steel. 
The mean Luder strains for machined specimen data and lab deformed data are 2.0% 
and 1.9% respectively. Distributions of % Luder strain for Grade 430 steel are 
shown in Figures 3.34 and 3.35. The mean values for both sets of data are consistent 
at 1.3%. Data points for the "low carbon trial heats" samples fall in the range 
between 1.4% and 2.1%, at the higher 'tail' of the distributions. 
The regression analysis of these two sets of data yielded a regression line which is in 
good agreement with the expected correlation, as shown in Figure 3.36. 
N, shown in Figures 3.32 and 3.33, distributions produced from machined specimen 
data and lab deformed data can be seen to be closely comparable. The same 
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phenomenon is observed in Grade 430 steel, as shown in Figures 3.34 and 3.35. 
Good agreement in the mean values between the two sets of data of both grades of 
steel, and the regression result suggest that the length of Luder strain is not affected· 
by the type of specimen being tested and the different strain rates being employed 
in the tensile tests. Distributions of % Luder strain for Grade 430 steel in Figures 
3.34 and 3.35 are skewed to the right because of the contributions from the "low 
carbon trial heats" samples. The statistical means and ranges of % Luder strain of 
Grade 300 and Grade 430 reinforcing steels are shown in Table 3.9. 
Table 3.9: Statistical means and ranges of % Luder strain for Grade 300 
and Grade 430 reinforcing steels. 
Source Mean Standard Minimum Maximum 
Deviation 
% % % % 
Grade 300 Steel (Data Sets 55) 
Machined Specimen 2.0 0.27 1.2 2.7 
Lab Deformed 1.9 0.30 1.2 2.7 
Grade 430 Steel (Data Sets 113) 
Machined Specimen 1.3 0.26 1.0 1.7 
Lab Deformed 1.3 0.29 1.0 1.7 
Previous investigations17,18 have found that the mean % Luder strains of the old 
Grades 275 and 380 reinforcing steels were 2.2% and 0.97% respectively. 
Comparatively, Grade 300 has a slightly shorter Luder strain than Grade 275. 
However, the higher strength Grade 430 steel has a higher Luder strain than the 
previous Grade 380 steel. This improvement is very beneficial in the design of 
reinforced concrete .structures. Grade 430 reinforcing steel can provide the required 
design strength while still having high Luder strain to accommodate the post-elastic 
deformation. 
3.7 DISTRIBUTION OF STRAIN HARDENING EXPONENT AND 
COEFFICIENT 
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The distributions of strain hardening exponent and coefficient were produced from 
the machined specimen data only. Figures 3.37 and 3.38 show the distributions of the 
strain hardening exponent for Grade 300 and Grade 430 reinforcing steels. The 
Grade 300 data has a mean value of 0.258, and the mean n value for Grade 430 data 
is 0.2. It should be;noted that n values for the "low carbon trial heats" samples fall 
in the range betwee'n 0.19 and 0.21. The contributions do not affect the distribution 
in Figure 3.38. The distributions of the strain hardening coefficient k for Grade 300 
and Grade 430 steels are shown in Figures 3.39 and 3.40. The mean k values for 
Grade 300 and Grade 430 data are 968.5 MPa and 1094.2 MPa respectively. kvalues 
of the "low carbon trial heats" samples fall in the range between 910 MPa and 1000 
MPa, at the lower 'tail' of the distribution in Figure 3.40. In both nand k 
distributions, data points which lie outside the normal range are probably due to 
errors in obtaining stress values from the strain hardening region of the stress-strain 
curves. 
Comparison of Figures 3.37 and 3.38 reveals that n values for Grade 300 steel are 
greater than for Grade 430 steel. However, Grade 430 steel was found to have 
greater k values when compared to Grade 300 steel (see Figures 3.39 and 3.40). 
Table 3.10 shows the statistical means and ranges of strain hardening exponent and 
coefficient for Grade 300 and Grade 430 reinforcing steels. 
Table 3.10: Statistical means and ranges of strain hardening exponent and coefficient 
for Grade 300 and Grade 430 reinforcing steels 
Grade Mean Standard Minimum Maximum 
Deviation 
Strain Hardening Exponent n 
300 0.258 0.027 0.151 0.299 
430 0.2 0.017 0.152 0.29 
Strain Hardening Coefficient k (MPa) 
300 968.5 72.9 748 1145 
430 1094.2 67.8 1000 1278 
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Generally, the constants nand k do not have individual significance. An important 
parameter which relates to them is the strain hardening rate and is defined by 
Equation 3.5 as dO" '!" nk(e)n-l. The strain hardening rate governs the rate of 
de 
strength increase when a steel strain hardens. Thus, in the design of earthquake 
resisting structures, it is desirable to use reinforcing steel of low strain hardening rate 
to minimise the overstrength of plastic hinges. 
The strain hardening rate at the commencement point of a strain hardening curve 
was determined based on the mean values of n and k (see Table 3.10) obtained in 
this study. In the calculation of strain hardening rates using Equation 3.5, strain 
corresponding to the linear elastic portion of the stress-strain curve is assumed to be 
negligible and the measured Luder strain is assumed to be the strain at the starting 
point of the strain hardening curve. Table 3.11 shows the comparison of the initial 
strain hardening rates between current and previous grades of reinforcing steel. The 
latter data is obtained from previous investigations17,18 where the strain hardening 
modulus is used to define the strain hardening curve. 
Table 3.11: Comparison of strain hardening rates between current and previous 
grades of reinforcing steel . 
Grade Meann Meank Mean StraIn Hardening 
MPa Luder Strain Rate, MPa 
300 0.258 968.5 0.0200 4587 
430 0.200 1094.2 0.0130 7099 
275 - - 0.0220 5266 
380 -
-
0.0097 8979 
Since the chemical oomposition of Grade 300 steel is generally similar to the previous 
Grade 275, ideally the strain hardening rates should be the same. However, as shown 
in Table 3.11, the strain hardening rate of Grade 300 steel is lower than that of 
Grade 275. The difference is 679 MPa, believed to be attributed to the different 
methods employed in defining the strain hardening curves. Despite a higher mean 
Luder strain, the strain hardening rate of Grade 430 steel is 1880 MPa lower than 
that of Grade 380. The resultant true strain hardening rates for Grade 300 and 
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Grade 430 reinforcing steels using nand k from Table 3.11 with Equation 3.5 is 
shown in Figure 3.41. 
3.8 DISTRIBUTION OF STRAIN AGEING INDEX 
In this study, three parameters measuring the strain ageing index were determined. 
These parameters are associated with the changes in tensile properties, namely d Y, 
dU and dEL Distributions of d Y values produced from Grade 300 and Grade 430 
data are shown in Figures 3.42 and 3.43. Figures 3.44 and 3.45 show the distributions 
of d U for Grade 300 and Grade 430 data. The distributions of dEl are respectively 
shown in Figures 3.46 and 3.47. In all cases, contributions from the "low carbon trial 
heats" samples cannot be distinguished as a separate cluster of data points. 
Grade 430 steel has lower mean d Y value than Grade 300. This is not unexpected 
since Grade 430 steel is micro-alloyed with approximately 0.04% vanadium. The 
presence of vanadium in the steel results in the formation of vanadium nitride 
precipitate, hence reducing the level of free nitrogen in the steel and consequently 
reducing the susceptibility of Grade 430 steel to strain ageing. The difference in 
mean d Y values of 19.1 MPa between Grade 300 data (Figure 3.42) and Grade 430 
data (Figure 3.43) is comparable to the result obtained by Pussegoda et al19 where 
0.04% vanadium was found to be sufficient to reduce d Y to approximately 15 MPa. 
Comparison of distributions of d U and AEI also reveals that strain ageing is 
significantly reduced in Grade 430 steel. The mean AU and dEl values for Grade 
430 data were found to be approximately 55% of those for Grade 300 data. Table 
3.12 shows the statistical means and ranges of d Y, d U and dEl for Grade 300 and 
Grade 430 reinforcing steels. 
In considering the effect of an increase in yield strength due to the strain ageing of 
reinforcing bar on the performance of plastic hinges, Grade 430 steel is preferable 
for use in reinforced concrete structures. Grade 430 micro-alloyed reinforcing steel 
has also been shown20 to have a lower transition temperature compared to the plain 
carbon-manganese Grade 300 steel. 
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Figure 3.45: Distribution of strain ageing index au of Grade 430 machined specimen data 
20 
19 
18 
17 
16 
15 
14 
13 
12 
11 
?>' 
c: 10 ()) 
:::I 
I 9 
8 
7 
6 
5 
4 
3 
2 
1 
0 
0 
Mean 
Std. Dev. 
Data Sets 
1 2 
5.1% 
1.36% 
55 
3 4 5 
Strain Ageing Index, aef % 
. -
6 7 8 
Figure 3.46: Distribution of strain ageing index aEt of Grade 300 machined specimen data 
61 
9 
~ -r----------------------------------------------------__________________ , 
35 
30 
25 
f e 20 
IL. 
15 
10 
5 
o 1 2 3 4 
Mean 
Std. Dev. 
Data Sets 
5 
Strain Ageing Index, ael % 
6 
2.28% 
1.56% 
113 
7 8 
Figure 3.47: Distribution of strain ageing index aEt of Grade 430 machined specimen data 
9 
Table 3.12: Statistical means and ranges of AY, AU and AEI for Grade 300 
and Grade 430 reinforcing steels 
Grade Mean Standard Minimum Maximum 
Deviation 
AY (MPa) 
300 68.7 6.8 40 86 
430 49.6 14.0 15 97 
AU (MPa) 
300 48.9 13.3 34 120 
430 20.6 17.8 1 143 
AEI (%) 
300 5.10 1.36 1 7 
430 2.28 1.56 0 8 
62 
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3.9 SPECIAL "LOW CARBON TRIAL HEATS" 
In general, the "low carbon trial heats" samples were found to have properties quite 
similar to Grade 430 steel. However, results of lower yield strength and tensile 
strength for these samples fall in a range at the lower 'tail' of the distributions 
produced from Grade 430 data. On the other hand, the range of % elongation at 
fracture and % Luder strain of these samples was found to be at the higher 'tail' 
of the respective distributions. Comparatively, this steel has lower strength and 
higher ductility than Grade 430 because of its lower carbon content. It should be 
noted that the steel is micro-alloyed with vanadium and four different diameters of 
deformed bars were rolled from each cast number, and there is a slight difference in 
the carbon content between the three cast numbers of steel produced,. 
The tensile results produced from different types of specimen of all the "low carbon 
trial heats" samples were used to investigate the significance of carbon content and 
bar size in the equations of lower yield strength and tensile strength obtained from 
the Multiple Linear Regression, which is discussed in Chapter 5. 
3.10 SUMMARY 
Variations in lower yield strength between different sets of data were found to be 
mainly caused by the different strain rates used in the tensile tests carried out at 
Pacific Steel Ltd and in the Materials Laboratory of the Mechanical Engineering 
Department. The type of test piece (Le. machined specimen or deformed bar) also 
contributes to the variations, but the effect is more profound on the tensile strength 
and % elongation at fracture results. However, Luder strain results were found to 
be unaffected by these factors. 
Tensile results obtained from mechanical tests of machined specimens were found to 
comply with the tensile properties as specified in Table 4 of NZS 3402:1989. 
High strength Grade 430 reinforcing steel was found to have higher ductility and 
longer Luder strain than the previous Grade 380 steel. Also, the initial strain 
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hardening rate was found to be lower for Grade 430 steel. It is predicted that the 
flexural over-strength factor for Grade 430 steel will be lower than that for Grade 
380 because of the improved properties. 
Comparison of the strain ageing index between Grade 300 and Grade 430 steels 
reveals that Grade 430 reinforcing bars are less susceptible to strain ageing. The A Y 
for Grade 430 steel is 50 MPa as compared to 70 MPa observed in Grade 300 steel. 
Strain ageing is reduced in Grade 430 steel because of the addition of approximately 
0.04% vanadium. Previous investigations20 have also shown that Grade 430 steel has 
better fracture toughness mainly attributed to the added vanadium. The statistical 
means and ranges of parameters measured in this study for Grade 300 and Grade 430 
reinforcing steels are summarised in Tables 3.13 and 3.14. 
Table 3.13: Statistical means and ranges for parameters of Grade 300 
reinforcing steel (Data Sets 55) 
Parameters Mean Standard Minimum Maximum 
Deviation 
Machined Specimen Data 
Lower Yield Strength (MPa) 339.8 11.90 314 373 
Tensile Strength (MPa) 489.5 12.74 460 529 
Elongation at Fracture (%) 34.0 1.57 30 37 
Luder Strain (%) 2.0 0.27 1.2 2.7 
n 0.258 0.027 0.151 0.299 
k (MPa) 968.5 72.89 748 1145 
AY (MPa) 68.7 6.79 40 86 
AU (MPa) 48.9 13.26 34 120 
AEI (%) 5.1 1.36 1 7 
lab Deformed Data 
Lower Yield Strength (MPa) 310.4 11.33 277 340 
Tensile Strength (MPa) 431.7 31.39 365 491 
Luder Strain (%) 1.9 0.30 1.2 2.7 
. Pacific Steel Deformed Data 
Lower Yield Strength (MPa) 329 13.00 300 372 
Tensile Strength (MPa) 464.1 14.81 424 504 
Elongation at Fracture (%) 32.3 2.96 24 38 
Table 3.14: Statistical means and ranges for parameters of Grade 430 
reinforcing steel (Data Sets 113) 
Parameters Mean Standard Minimum Maximum 
Deviation 
Machined Specimen Data 
Lower Yield Strength (MPa) 466.7 18.61 424 517 
Tensile Strength (MPa) 633.8 27.7 490 720 
Elongation at Fracture (%) 28.7 2.0 25 32 
Luder Strain (%) 1.3 0.26 1 1.7 
n 0.2 0.017 0.152 0.29 
k (MPa) 1094.2 67.81 1000 1278 
AY (MPa) 49.6 14.03 15 97 
AU (MPa) 20.6 17.78 1 143 
AEI (%) , 2.28 1.56 0 8 
Lab Deformed Data 
Lower Yield Strength (MPa) 438.3 26 393 502 
Tensile Strength (MPa) 573 37.7 495 658 
Luder Strain (%) 1.3 0.29 1 1.7 
Pacific Steel Deformed Data 
Lower Yield Strength (MPa) 467.5 19.1 439 533 
T ensile Strength (MPa) 606.8 22.9 575 691 
Elongation at Fracture (%) 24.1 3.97 15 28 
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CHAPTER 4 
MULTIPLE LINEAR REG RESSIO N21,22,23,24 
Regression analysis is a statistical technique for modelling and investigating the 
relationship between two or more variables. In general, there is a single dependent 
variable that is related to k independent variables, say Xl' X2, ..... Xk• The dependent 
variable y is a random variable, while the independent variables are assumed to be 
precisely known and are controllable by the experimenter. The relationship between 
these variables is characterised by a mathematical model called a regression equation. 
The regression model involving only a single independent variable X is called the 
simple linear regression model and the regression equation is expressed as: 
where 
y = a + bx 
y = estimated value of y for an observed value of X 
a = intercept, giving estimated value of y at X = 0 
b = slope of line, identical with regression coefficient 
- Eqn. 4.1 
Equation 4.1 represents a linear regression model if the equation is a linear function 
of the unknown parameters a and b. This corresponds to a straight-line model in 
which data can be correlated by a straight line, called the regression line. The 
method of least squares is used to estimate parameters a and b so that the sum of 
squares of the deviations between the observations and the regression line (predicted 
value) is a minimu~. 
A regression model that involves more than one independent variable is called a 
multiple regression model. This analysis also assumes that the imprecision is 
associated with the dependent variable and the independent variables are the precise 
variables. In a manner directly analogous to that used for a simple linear regression, 
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in multiple linear regression, a dependent variable y may be expressed in terms of the 
independent variables as: 
- Eqn. 4.2 
where bi , b2, ...... bk are the respective regression coefficients which are estimated 
using the least squares method. The term "linear" is used if the multiple regression 
model is linear in. the parameters (b values). 
Correlation coefficient (r) is a measure of the degree of relationship present between 
variables in a regression analysis. It is also an indication of the goodness of the fit 
of the regression line. The corresponding term for mUltiple regression is multiple 
correlation coefficient and is designated R. 
A correlation of ± 1.0 indicates a perfect association between the variables whereas 
a correlation coefficient of 0.0 indicates a completely random relation. The 
correlation coefficient is a simple statistic for testing the significance of a simple two 
variables linear regression. However, in a multiple linear regression, the multiple 
correlation coefficient depends very much on . the correlation between the 
independent variables. If there is a strong correlation between the independent 
variables, evidenced by a relatively large value of simple correlation coefficient, then 
the multiple correlation coefficient will not be much larger than the simple linear 
correlation coefficient with either variable separately. The multiple correlation 
coefficient only tells the overall multiple correlation irrespective of the inter-
correlation that may exist between the independent variables. 
Another way to test the significance of the multiple regression is by comparing the 
Variance ratio, F value with tables of Fisher's F at the corresponding degree of 
freedom. The F test tells the significance of the multiple regression at a particular 
probability level. Although this significance test is a test to determine the 
significance of a linear relationship between the dependent variable and the 
independent variables, it does not necessarily imply that the relationship found is an 
appropriate one. 
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Very often we are interested in testing the individual regression coefficients to 
evaluate the significance of the variables to the whole relation. Such tests would be 
useful in determining the value of each of the independent variables in the regression 
model. This is because the model might be more effective (signified by a higher 
multiple correlation coefficient and F value) With the inclusion of additional 
variables, or perhaps with the deletion of one or more of the variables already in the 
model. 
The t-test is carried'out by comparing the computed T value with t-test tables at (N-
k-l) degrees of freedom. If the calculated value of t is below the tabulated value at 
the proper degree of. freedom and at the significance level decided upon, then the 
variable could therefore be removed from the multiple regression. Adding an 
unimportant and insignificant variable to the regression model can actually decrease 
the usefulness of the modeL 
In a regression analysis, the regression line is only the best fit of line through all the 
data points so that the sum of squares of deviations between the observations and the 
regression line is a minimum. The estimated y values will lie exactly on the 
regression line but the actual y values will deviate from the line. The degree of 
deviation depends on the accuracy of the regression analysis. Normally, a confidence 
limit for the regression line is established to indicate the range that all the actual y 
values will lie. A confidence limit at a certain degree of confidence, say 95%, 
indicates the probability that all values of y lie in the listed interval is 0.95. In other 
words, we can assume that 95 out of every 100 results lie within these limits. The 
confidence limit for the regression line may be determined about y (mean) as ± t·s 
where t is selected from the t-table at the proper degree of freedom at the desired 
probability level and s is the standard error of estimate. 
Although multiple linear regression analysis is a very powerful technique, the 
significance of the analysis is a function of the selection of all the appropriate 
independent variables. Also, the analytical technique assumes linear relationships 
between dependent and independent variables. Finally, any correlation between 
variables defined as independent will result in uncertainty in the regression 
coefficients calculated and hence reduce the significance of the results. Sometimes 
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it is necessary to combine the variables in the regression analysis to account for any 
interaction between them. Although this will eliminate the inter-correlation problems 
between variables, it is not known which variable in the combining form is more 
significant to the regression analysis. 
Multiple linear regression analysis reported here was carried out on the Mechanical 
Engineering Department Micro-Vax computer. The computer programme provides 
considerable diagn~stic information for evaluating the regression equations. The 
programme also computes the statistical significance of each independent variable 
within the linear equation. Samples of the printout are shown in Tables 4.1 and 4.2. 
In the example shown in Table 4.1, comparison of the F value with Fisher's F tables25 
shows that the multiple regression is significant at the 1% probability level. The 
computed T values are compared with t-test tables26 to determine the significance of 
the regression coefficients. From t-test tables for 50 degrees of freedom, the 
corresponding t values at the levels of significance are listed in Table 4.3. 
Table 4.1: Multiple Linear Regression Printout 1 
Dependent Variable (y) 
Variable No.3 = Lower Yield Strength (MPa) 
Independent Variables (x) 
Variable NO.2 = bar diameter (mm) 
Variable No. 18 = % C 
Variable No. 23 = % Ni 
Variable No. 26 =: % Cu 
Variable Mean 
No. 
2 25,45455 
18 0.18582 
23 0.10527 
26 0.38527 
Dependent 
3 339.78183 
Standard 
Deviation 
4.24185 
0.01931 
0.01359 
0.06292 
11.90346 
Intercept (a) 307.00443 
Multiple Correlation R 0,48076 
Std. Error of Estimate (s) 10.84707 
ANALYSIS OF VARIANCE FOR THE REGRESSION 
Source of Variation Degrees of 
Freedom 
Attributable to regreSSion (k) 
Deviation from regression (N-k-1) 
TOTAL 
From Fisher's Tables: F 0.01,4,50 
F 0.005,4,50 
* These are extrapolated values 
4 
50 
54 
3.72· 
4.23· 
Correlation 
XvsY 
- 0.27673 
0.02013 
0.34728 
0.11481 
Sum of 
Squares 
1768,43530 
5882.94678 
7651.38232 
Regression 
Coefficient (b) 
- 1.02129 
133.60536 
314.70746 
2.12197 
Mean 
Squares 
442.10883 
117.65894 
Std. Error Computed 
of Reg. Coet T Value 
0.39134 - 2.60970 
85.36328 1.56514 
122.59341 2.56708 
26.71580 0.07943 
F Value 
3.75755 
:. The regression is significant at 1% 
25 
Table 4.2: Multiple Linear Regression Printout 2 
Dependent Variable (y) 
Variable NO.3 = Lower Yield Strength (MPa) 
Independent Variables (x) 
Variable No.2 = bar diameter (mm) 
Variable No. 18 % C 
Variable No. 23 = % 
Variable Mean Standard 
No. Deviation 
2 25.45455 4.24185 
18 0.18582 0.01931 
23 0.10527 0.01359 
Dependent 
3 339.78183 11.90346 
Intercept (a) 307.30948 
Multiple Correlation R 0.48066 
Std. Error of Estimate (s) 10.74088 
ANALYSIS OF VARIANCE FOR THE REGRESSION 
Source of Variation Degrees of 
Freedom 
Attributable to regression (k) 
Deviation from regression (N-k-1) 
TOTAL 
From Fisher's Tables, 
* These are extrapolated values 
F 0.005,3,51 
F 0.001,3,51 
3 
51 
54 
4.80· 
6.32* 
Correlation 
XvsY 
- 0.27673 
0.02013 
0.34728 
Sum of 
Squares 
1767.69312 
5883.68896 
7651.38232 
Regression 
Coefficient (b) 
- 1.01584 
133.12459 
319.10635 
Mean 
Squares 
589.23102 
115.36645 
Std. Error Computed 
of Reg. Coef. T Value 
0.38151 - 2.66269 
84.31479 1.57890 
108.29969 2.94651 
F Value 
5.10747 
:. The regression is significant at 0.5% 
...J 
..... 
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Table 4.3: t values extracted from t-test tables 
1 Significance I t-test value I 
50% 0.679 
20% 1.299 
10% 1.676 
5% 2.009 
2.5% 2.403 
1% 2.678 
0.5% 2.937 
Comparison of computed T values in Table 4.1 with Table 4.3 shows that copper 
content has no significant effect on the lower yield strength. The correlation of 
carbon with lower yield strength is significant at the 20% probability level, whereas 
both diameter of the bar and nickel are significant at the 2.5% level. Table 4.2 shows 
that removing the insignificant variable (Le. copper) from the multiple regression 
actually improves the overall significance of the regression to the 0.5% probability 
leveL The computed T values for the independent variables are increased and nickel 
is found to have correlation with lower yield strength being significant at the 0.5% 
leveL 
In general, through a step by step elimination process of insignificant variables, the 
most statistically significant regression equation can be obtained. However, care 
should be taken in the elimination process when there is a possibility of strong inter-
correlation between independent variables. This is because in some cases, the low 
computed T value of an independent variable is due to the strong correlation 
between this variable with others. Therefore, it is very helpful if the multiple linear 
regression computer programme does determine the correlation of one variable with 
respect to the others. 
CHAPTERS 
MULTIPLE LINEAR REGRESSION ANALYSIS OF 
REINFORCING STEEL PROPERTIES 
5.1 INTRODUCTION 
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Multiple linear regression analysis was used to study the effect of chemical 
composition on reinforcing bar properties. The properties investigated were as 
follows: lower yield strength, tensile strength, elongation at fracture, Luder strain, 
strain hardening exponent and coefficient, and the three strain ageing parameters a Y, 
a U and aEl. The data for these dependent properties was determined from 
mechanical tests of standard tensile specimen, conducted in the Materials Laboratory 
of the Department. The chemical composition, used as the independent variables, 
was obtained from analysis of each bar supplied by Pacific Steel Ltd. The regression 
analysis was carried out for various combinations of independent variables on the 
available data. 
Separate regression analysis was performed on different groups of data with the first 
containing the 55 data sets for Grade 300 while the second has the 125 data sets 
associated with Grade 430. The third group was a combination of the grades 
containing 180 data sets. It should be noted that the data of 12 "low carbon trial 
heats" samples was included in the Grade 430 data group. The regression equations 
derived from the analysis of groups one and two were only applicable to Grade 300 
and Grade 430 steels respectively. From the combined group, the resultant 
regression equations obtained can be used to predict the properties of general 
reinforcing steels within the overall range of chemical composition considered. 
Tables 5.1, 5.2 and 5.3 show the statistical means and ranges for the variables of the 
groups used in the multiple regression analysis. 
Initially, mUltiple linear regression of bar properties was carried out against all the 
11 chemical elements and the bar diameter. Using the significance of the resultant 
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computed t values, the insignificant independent variables were eliminated from 
further consideration. To determine whether inter-correlation occurred between the 
elements considered, as a function of property control used by the steel manufacturer, 
linear regression analysis was 'applied to specific combinations of independent 
variables (chemical elements). Most examples of appreciable inter-correlation 
occurring between elements were found insignificant in the multiple linear regression 
analysis. In the analysis of lower yield strength, the carbon equivalent 
(CEQ -= % C + % Mn) was also used. Since no inter-correlation was found 
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between carbon and manganese, this was considered unnecessary and carbon and 
manganese were subsequently treated as separate independent variables in the 
remaining analysis. . 
The results of multiple linear regression analysis for bar properties are presented in 
this chapter. The linear equations provide an indication of how the various bar 
properties were affected by the presence of the different elements and the bar 
diameter. 
Table 5.1: Statistical means and ranges for variables of Grade 300 reinforcing steel 
examined by multiple linear regression (Date sets 55) 
Variable Mean Standard Minimum Maximum 
Deviation 
DEPENDENT VARIABLES 
Lower Yield Strength MPa 339.8 11.90 314 373 
Tensile Strength MPa 489.5 12.70 460 529 
Elongation at Fracture % 34.0 1.57 30 37 
Luder Strain % 2.0 0.27 1.2 2.7 
n 0.258 0.027 0.151 0.299 
k MPa 968.5 72.89 748 1145 
AY MPa 68.7 6.80 40 86 
AU MPa 48.96 13.26 34 120 
AEI % 5.11 1.36 1 7 
INDEPENDENT VARIABLES 
C % 0.1858 0.0193 0.15 0.24 
Mn % 0.5651 0.0526 0.49 0.82 
Si % 0.1564 0.0325 0.11 0.33 
S % 0.0328 0.0075 0.019 0.044 
P % 0.0236 0.0089 0.009 0.05 
Ni % 0.1053 0.0136 0.09 0.16 
Cr % 0.0938 0.0227 0.05 0.15 
Mo % 0.0166 0.0026 0.011 0.023 
Cu % 0.3853 0.0629 0.24 0.56 
Sn % 0.0358 0.0055 0.02 0.056 
V % 0.0027 0.0009 0.001 0.007 
CEQ % 0.2935 - 0.0308 0.24 0.37 
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Table 5.2: Statistical means and ranges for variables of Grade 430 reinforcing steel 
examined by multiple linear regression (Data sets 125) 
Variable Mean Standard Minimum Maximum 
Deviation 
DEPENDENT VARIABLES 
Lower Yield Strength MPa 460.90 25.38 395 517 
Tensile Strength MPa 626.10 35.87 496 720 
Elongation at Fracture % 28.74 1.99 25 35 
Luder Strain % 1.30 0.26 1.0 2.1 
n 0.20 0.017 0.152 0.290 
k MPa 1094.3 67.81 905 1278 
AY MPa 49.6 14.03 15 97 
AU MPa 20.60 17.78 1.0 143 
AEI % .2.28 1.56 0 8.0 
INDEPENDENT VARIABLES 
C % 0.2000 0.028 0.11 0.25 
Mn % 1.2542 0.075 1.12 1.50 
Si % 0.3265 0.0354 0.23 0.44 
S % 0.0324 0.0065 0.Q11 0.047 
P % 0.0254 0.0078 0.011 0.049 
Ni % 0.1038 0.Q15O 0.08 0.16 
Cr % 0.0983 0.0195 0.05 0.15 
Mo % 0.0171 0.0035 0.Q11 0.027 
Cu %. 0.3861 0.0772 0.24 0.75 
Sn % 0.0346 0.0045 0.026 0.049 
V % 0.0403 0.0038 0.033 0.056 
CEQ % 0.4255 0.0445 0.31 0.52 
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Table 5.3: Statistical means and ranges for variables of combined grades (Grade 300 and 
Grade 430) examined by multiple linear regression (Data sets 180) 
Variable Mean Standard Minimum Maximum 
Deviation 
DEPENDENT VARIABLES 
Lower Yield Strength MPa 423.9 60.15 314 517 
Tensile Strength MPa 584.3 70.14 460 720 
Elongation at Fracture % 30.4 3.07 25 37 
Luder Strain % 1.53 0.43 1.0 2.7 
n 0.218 0.034 0.151 0.299 
k MPa 1055.8 90.34 748 1278 
AY MPa 55.4 15.11 15 97 
AU MPa 29.3 21.0 1.0 143 
AEI %' 3.14 1.99 a 8 
II INDEPENDENT VARIABLES-
.-
C % 0.1956 0.0265 0.11 0.25 
Mn % 1.0437 0.3256 0.49 1.50 
Sf % 0.2745 0.0858 0.11 0.44 
S % 0.0325 0.0068 0.011 0.047 
P % 0.0246 0.0082 0.009 0.05 
Ni % 0.1043 0.0146 0.08 0.16 
Cr % 0.0969 0.0206 0.05 0.15 
Mo % 0.Q169 0.0032 0.011 0.027 
Cu % 0.3858 0.0730 0.~4 0.75 
Sn % 0.0350 0.0048 0.02 0.056 
V % 0.0288 0.0176 0.001 0.056 
CEQ % 0.3852 0.0734 0.24 0.52 
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5.2 THE REGRESSION OF LOWER YIELD STRENGTH 
The regression analysis of the 55 sets of data for Grade 300 reinforcing steel yielded 
the following equation:-
LYS (MPa) = 133(%C) - 1.0(d) + 319(%Ni) + 307 - Eqn. 5.1 
(10%) (1%) (0.5%) 
Equation 5.1 is significant at the 0.5% level, i.e. such a high degree of correlation will 
only occur by chance once in two hundred times. The significance levels of the 
regression coefficients are shown below the respective parameters. The parameter 
d is the nominal diameter of the reinforcing bar in mm. 
On examination of Grade 430 steel, the 125 sets of data gave the following equation:-
LYS(MPa) = 523(%C) + 105(%Mn) - 0.97(d) + 43(%Cu) + 750(%V) + 203 
(>0.00002%) (0.02%) (0.01%) (10%) (20%) 
- Eqn. 5.2 
The F-value (Variance ratio) of the equation is 31.58. Unfortunately, the highest 
significance level listed in the obtainable Fisher's F tables25 is 0.1% with the 
corresponding F-value of 11.38 at 120 degrees of freedom. As a result, the exact 
significance level of Equation 5.2 cannot be established. The equation is therefore 
assumed to be significant at a level much greater than 0.1 %. The carbon coefficient 
was found to be significant at a very high level, better than 0.00002% as indicated, 
which is the highest significance level listed in the t-test tables26. 
The analysis was repeated using the carbon equivalent (CEQ = %C + % Mn ) 
6 
to substitute for %C and %Mn and Equation 5.3 was obtained. 
LYS(MPa) = 313(CEQ) - 1.lO(d) + 80(%Cu) + 1323(%V) + 272 - Eqn. 5.3 
(> 0.00002%) (0.001%) (0.05%) (0.5%) 
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Equation 5.3 is significant at a level greater than 0.1 % (F-value is 34) and it can be 
seen that all parameters are more significant when compared to Equation 5.2. The 
regression coefficients for copper and vanadium are approximately twice those of 
Equation 5.2, whereas the regression coefficient for bar diameter and the constant 
of the equation are only slightly higher. 
It was found that the %C and %Mn in Equation 5.2 contributed 236.3 MPa to the 
lower yield strength value, whereas the carbon equivalent in Equation 5.3 gave a 
contribution of 133.2 MPa, using calculations based on the mean values in Table 5.2. 
With these mean values and incorporating the bar diameter of 32 mm in Equations 
5.2 and 5.3, lower yield strengths of 455.1 MPa and 454.2 MPa were predicted 
respectively. Therefore the difference in the apparent contributions of the carbon 
equivalent ~s opposed to the %C and %Mn is compensated by the regression 
coefficients of the other parameters. 
In the regression of the Grade 430 data, carbon equivalent as the combined form of 
carbon and manganese can be used to substitute for them, since the two elements are 
respectively important and significant as shown in Equation 5.2. However, when 
carbon equivalent was used in the regression of the Grade 300 data, the variable was 
found to be very insignificant because there was no correlation with manganese in the 
analysis as shown in Equation 5.1. 
The regression analysis of the 180 sets of the combined data yielded Equations 5.4 
and 5.5. 
LYS(MPa) = 469(%C) + 98(%Mn) - l.11(d) + 46(%Cu) + 1253(%V) + 205 
(>0.00002%) (0.001%) (0.00005%) (1%) (0.2%) 
LYS(MPa) = 281(CEQ) - 1.26(d) + 71(%Cu) + 2226(%V) + 256 
(>0.00002%) (0.00002%) (0.01%) (>0.00002%) 
- Eqn. 5.4 
- Eqn. 5.5 
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The above equations are very similar to Equation 5.2 and 5.3, with variations in the 
regression coefficients and appreciable improvements in the significance of these 
coefficients. In general, with the exception of vanadium, the regression coefficients 
of the remaining parameters and the constants of Equations 5.4 and 5.5 are of the 
same order of magnitude as those in Equations 5.2 and 5.3. The regression 
coefficients of copper and vanadium in Equation 5.4 are approximately twice those 
in Equation 5.5 and the coefficient of bar diameter and the constant are slightly 
higher. This phenomenon is very similar to that observed in Equations 5.2 and 5.3 
for the Grade 430 data. 
Generally, the equations obtained from the regression of the combined data can be 
seen to follow the trend of the Grade 430 equations. The 55 data sets of Grade 300 
steel are less influential in contributing any significant parameter in the regression 
results. For instance, the significance of nickel has vanished in analysing the 
combined data. In this case, Grade 300 data was found mainly to affect the 
magnitude of the regression coefficients, particularly the vanadium coefficient. 
Figures 5.1 and 5.2 respectively show the calculated lower yield strength (using 
Equation 5.4 and 5.5) plotted against the experimental lower yield strength and the 
95% confidence limits of ± 31.2 MPa and ± 32.6 MPa. Grouping of the "low carbon' 
trial heats lt results can be seen in the lower strength range of Grade 430 data in 
Figures 5.1 and 5.2. 
The significance levels of the parameters in equations for Grade 300 steel are much 
lower than those of equations for Grade 430 steel which in turn are lower than 
equations obtained from the combined data. This is mainly a function of the 
increasing number of data sets used in the analysis. 
Although equations involving the carbon equivalent predict the same results and are 
as significant as the equations with separate carbon and manganese percentages, the 
latter equations are preferable because the significance of these individual elements 
can be assessed. It should be noted that the regression equations were obtained 
using st(}tistical techniques based on the available data. As a result, the significance 
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of the coefficients is a function of the limited variation in specific elements in the 
regression analysis. 
Examination of the regression equations reveals that all the parameters, with the 
exception of the bar diameter, have positive coefficients. This means that an increase 
in the values of these parameters results in an increase in the lower yield strength. 
However, increasing the bar diameter reduces the lower yield strength. The 
regression coefficient for bar diameter was found to be approximately constant. 
The ferrite grain size is known27,28 to have a dominant influence on the lower yield 
strength of low carbon steels (Le. reinforcing steels). While carbon and manganese 
content influence grain size, the major factor is cooling rate. It is believed that the 
bar diameter is related to the grain size. Since the surface area to volume ratio is 
inversely proportional to bar diameter, the smaller the bar diameter, the greater the 
cooling rate, assuming the energy transfer per unit surface area remains constant. 
Hence the smaller diameter bar would exhibit a finer ferrite grain size with an 
associated increase in lower yield strength. The same phenomenon, that decreasing 
the diameter of the bar on average increases the lower yield strength, was also 
reported by Sage29• It was found29 that a difference of about 30 MPa was produced 
by reducing the diameter from 30 mm to 18 mm in rolled bars with a· base 
composition of 0.24%C, 1.2S%Mn and OA7S%SL The regression coefficient for bar 
diameter in Equation SA predicts an increase of only 13 MPa. The discrepancy could 
be a function of differences in rolling practices used. 
The grain size is also influenced by the rolling temperature and the reduction in 
cross-section imparted to the bar through the rolling passes. These factors affect the 
cooling rate and are known30 to vary considerably within anyone steel milL Since 
grain size was not determined in this investigation, the bar diameter can be regarded 
as an indicator of grain size. 
The effect of carbon content on the lower yield strength is related to the ferrite grain 
size31. Carbon is a strong austenite stabilizer and increasing the carbon content will 
increase the pearlite volume fraction as well as lowering the transformation 
temperature32,33 and consequently decreasing the ferrite grain size. The combination 
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of lower transformation temperature and increased carbon content will provide more 
nucleation sites during the transformation process with the grain size being further 
reduced. Since the mean carbon content of both grades of steel is approximately the 
same at 0.2 %, ideally the strength increase due to carbon would be consistent. The 
discrepancy in the regression coefficients for carbon between Equations 5.1 and 5.2 
could be a function of the inclusion of manganese in the analysis for Grade 430 as 
opposed to ignoring it for Grade 300. 
Manganese increases the strength through its solid-solution strengthening effect, by 
refining the ferrite grain size and by increasing the volume fraction of pearlite31. The 
regression coefficient for manganese in Equation 5.2 shows that an increase of 11 
MPa in lower yield strength can be expected for Grade 430 steel by increasing the 
manganese content in steel by 0.1%. However, there is no correlation with 
manganese in Equation 5.1. When manganese was included as a variable in the 
regression of Grade 300 data, the element proved to have very low significance. lbis 
could be a function of the confined range of manganese in the steel. The mean 
manganese content was found to be 0.56% with a standard deviation of 0.05%, 
It is also probable that the variations caused by manganese are being masked by the 
effect of variations in nickel content, as nickel was found to be significant in Equation 
5.1. Nickel is one of the residual elements present in the steel and has an ability in 
refining grain size which leads to an increase in strength and toughness. The increase 
in lower yield strength predicted by Equation 5.1 is equivalent to 22 MPa when 
increasing nickel from the data minimum (0.09%) to the maximum (0.16%). 
Copper, rather than nickel, is the residual element found to be significant in the 
regression· analysis of Grade 430 data. Equation 5.2 predicts that for every 0.1% 
increase in copper, the lower yield strength increases by 4.3 MPa. This figure 
compares well with the data extracted from a research report by Pui34 where 0.1 % 
copper was found to increase the lower yield strength by 4 MPa. 
In the analysis, the strength increase due to nickel and copper corresponds well with 
the general consensus that steel of commercial heats made from scrap steel gives an 
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increased lower yield strength due to the hardening effect of the residual elements; 
chromium, copper and nickeL 
The other important element to be considered is vanadium because of its relatively 
high positive regression coefficient. However, no correlation with vanadium was 
obtained in Grade 300 steel. This is not surprising when considering the mean 
vanadium content of 0.003% in the steeL The strengthening effect of vanadium is 
due to both grain refinement and precipitation hardening. Depending on the relative 
amounts of carbon· and nitrogen in steel, the precipitating phase is predominantly 
either vanadium carbide or vanadium nitride. The precipitation strengthening effect 
depends on the degree of dispersion of the precipitated particles33. Comparatively, 
vanadium nitrides have a lower solubility in ferrite and are more stable in resisting 
particle coarsening. For this reason, precipitation of vanadium nitrides rather than 
carbides gives a greater strengthening effect. These fine, second-phase vanadium 
nitride precipitates can further inhibit grain boundary movement and consequently 
lead to finer grain size. The effectiveness of vanadium can be further enhanced 
through an increased nitrogen content which would promote vanadium nitride 
precipitation. The work of Sage29 revealed that by increasing the nitrogen content 
from 0.007% to 0.015%, the strength can be increased by about 50 MPa, regardless 
of vanadium content. Therefore, it is obvious that the interaction and relative 
amounts of vanadium and nitrogen are important. 
The mean lower yield strength of 466.7 MPa for Grade 430 reinforcing steel 
compares well with the figure of 472 MPa obtained by Sage29 from the 30 nun 
reinforcing bars with a composition of 0.24% C, 1.25% Mn, 0.45% Si, 0.05% V and 
0.007% N. The regression coefficient for vanadium in Equation 5.2 predicts an 
increase of 75 MPa in lower yield strength for every increase of 0.1% vanadium. 
When compensating for the variation in the chemical composition, this figure shows 
reasonable agreement with the data extracted from the work of Pussegodall where 
increasing the vanadium content to .0.1 % in a steel of composition 0.21% C, 0.44% 
Mn, 0.18% Si, 0.036% S and 0.006% N was found to raise the lower yield strength 
by approximately 100 MPa. 
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Consider Equation 5.4 obtained from the regression of the combined data to predict 
the lower yield strength of Grade 300 and Grade 430 reinforcing steels. Since the 
carbon contents of the Grade 300 and Grade 430 steels are approximately constant 
at 0.2%, the observed increase in lower yield strength can be attributed to the 
increase in manganese and vanadium contents. The increase in the mean manganese 
content from 0.57% in the Grade 300 to 1.25% in the Grade 430 is responsible for 
68 MPa of the predicted lower yield strength enhancement, while the addition of 
approximately 0.04% vanadium contributes 50 MPa. 
To assess the effects of bar diameter and carbon content on lower yield strength, the 
composition of each 'cast number of the "low carbon trial heats" in Table A.3 was 
substituted in Equation 5.2 to predict the lower yield strength for different bar sizes. 
Figure 5.3 shows the calculated lower yield strength and the experimental lower yield 
strength plotted against four different bar diameters from these samples; As shown 
in Figure 5.3, the predicted lines do not correspond well with the experimental data. 
This is mainly because there are too few experimental points to clearly reveal the 
predicted trend. -Equation 5.2 was statistically obtained from the regression of a 
reasonably large number of data sets, therefore the prediction only represents the 
general trend of a large sample size. 
5.3 THE REGRESSION OF TENSILE STRENGTH 
The regression of tensile strength against the chemical composition using the 55 sets 
of data for Grade 300 steel yielded the following equation:-
TS(MPa) = 264(%C) + 103(%Si) + 424 - Eqn. 5.6 
, 
(0.2%) (5%) 
The regression equation produced by the Grade 430 data is: 
TS(MPa) = 695(%C) + 141(%Mn) - 0.87(d) + 66(%Cu) + 768(%V) + 277 
(>0.00002%) (0.2%) (2%) (10%) (20%) 
- Eqn. 5.7 
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When the regression was carried out on the 180 sets of the combined data, Equation 
5.8 was obtained. 
TS(MPa) = 659(%C) + 131(%Mn) - 0.92(d) + 62(%Cu) + 992(%V) + 290 
(>0.00002%) (0.005%) (0.2%) (2%) (10%) 
- Eqn. 5.8 
Equations 5.7 and 5.8 are significant at a level much greater than 0.1%. Both 
equations are very similar with only minor alterations in the regression coefficient. 
As seen earlier in the case of the lower yield strength equations, Equation 5.8 is 
mainly influenced by Grade 430 data. Figure SA shows the tensile strength 
calculated from Equation 5.8 plotted against the experimental tensile strength, with 
the 95% confidence limits of ± 45 MPa. As expected, grouping of the "low carbon 
trial heats" data can be seen in, the lower strength range of Grade 430 data from 
Figure SA. 
Equations 5.7 and 5.8 show the adverse effect of increasing bar diameter on tensile 
strength. However, bar diameter was found to be significant only at the 50% level 
for Grade 300 steel and was dropped from the analysis. The bar diameter would 
affect the tensile strength in the same way as it does on the lower yield strength, but 
at a lower magnitude as revealed by the lower regression coefficient for bar diameter 
in Equations 5.7 and 5.8. This is because bar diameter is related to ferrite grain size 
and generally ferrite grain size has less effect on tensile strength than it does on the 
lower yield strength35 • 
Carbon was found to be the most significant parameter in Equations 5.7 and 5.8, 
followed by manganese. Carbon and manganese were found in the regression 
equations associated with tensile strength in most of the published reports 27,30,31 • 
The absence of correlation with manganese in Equation 5.6 is probably due to the 
narrow range of manganese in the steel data. Increasing carbon and manganese is 
known to raise the tensile strength31• The strengthening mechanism is basically 
similar to that for the lower yield strength. The discrepancy in the regression 
coefficients for carbon between Equations 5.6 and 5.7 is probably a result of the small 
sample size for Grade 300 and limited range of carbon contents. 
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The regression coefficient for manganese in Equation 5.8 corresponds to an increase 
in tensile strengths of 74 NIPa and 164 MPa when considering the mean manganese 
content of Grade 300 and Grade 430 steels respectively. The variation in manganese 
content is partly responsible for the observed increase in tensile strength of Grade 
430 steel. 
Silicon was found to be significant in the analysis of Grade 300 data (see Equation 
5.6). However, there was no correlation with silicon in the regression of Grade 430 
and the combined data, as shown in Equations 5.7 and 5.8. It could be due to the 
narrow range of the silicon content as the ratio of standard deviation to mean for 
silicon in Grade 300 is 0.2 while it is 0.1 in Grade 430. It is also probable that the 
, 
significance of silicon is being masked by the considerable contribution from the 
variation of manganese. Silicon is known36,37 to improve strength thr~)Ugh 
substitutional solution hardening mechanism and by inhibiting grain growth. Anya 
et al38 showed that the increase in strength of steels containing up to 0.78% Si can 
also be attributed to the reduction of the interlamellar spacing of the cementite in 
the pearlite colonies, caused by the precipitation of Ct. - Si3N4, This microstructural 
feature has been observed in steels containing 0.13% C and 0.31 % - 0.78% Si38. The 
regression coefficient for silicon in Equation 5.6 corresponds to 16 MPa when 
considering the mean silicon content of 0.16% for Grade 300 steel. 
As shown in Equations 5.7 and 5.8, there is a noticeable general increase in tensile 
strength with increasing copper content. For every 0.1% increase in copper, the 
tensile strength is predicted to increase by approximately 7 MPa. This increase is 
however 2.4 times less than the figure extracted from the work of Pui34. The 
persistent correlation of copper and tensile strength in both cases has been beneficiaL 
However, the presence of copper in reinforcing bars has been found34 to have a 
detrimental effect on surface cracking at high temperature, leading to poor hot-
workability. 
Equations 5.7 and 5.8 reveal the correlation of vanadium with tensile strength. The 
increase of 8 MPa for every increase of 0.01 % vanadium predicted by Equation 5.7 
shows good agreement with Pussegoda's resultsll, where tensile strengths of 0.2% C, 
0.44% Mn, 0.17% Si and 0.006% N steels were found to increase linearly with 
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vanadium content, with an increase of 0.01 % vanadium corresponding to an increase 
of approximately 10 MPa in tensile strength. Vanadium gives rise to an increase in 
tensile strength by the same mechanism which affects the lower yield strength, i.e. 
through precipitation hardening as well as grain refinement. The addition of 0.04% 
vanadium in Grade 430 steel also contributes to the observed increase in tensile 
strength of the steel. 
Figure 5.5 shows the predicted tensile strengths from Equation 5.7 and the 
experimental tensile strengths of the "low carbon trial heats" samples plotted against 
bar diameter. As in the case of lower yield strength (see Figure 5.3), the 
experimental points do not correspond with the predicted results. The adverse effect 
of bar diameter on tensile strength is not clearly revealed mainly because there are 
too few experimental points. However, samples of higher carbon content can be seen 
to have higher tensile strength. 
5.4 THE REGRESSION OF ELONGATION AT FRACTURE 
The regression analysis carried out on data sets of Grade 300 and Grade 430 
reinforcing steels yielded Equations 5.9 and 5.10 respectively: 
Elongation at Fracture(%) . = 46 - 28(%C) - 0.18(d) - 4.8(%Cu) 
(0.2%) (0.005%) (10%) - Eqn. 5.9 
Elongation at Fracture(%) = 44.4 - 28(%C) - 4.6(%Mn) - O.lO(d) - 96(%Mo) 
(> 0.00002%) (2%) (0.001 %) (2%) 
- Eqn. 5.10 
The F-value for the equations were found to be 22 and 24 respectively, therefore, 
these equations are assumed to be significant at a level much greater than 0.1%. 
From the regression of the combined data, an equation similar to Equation 5.10, but 
with an additional term for vanadium was obtained. 
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- 54(%V) 
(20%) 
- Eqn. 5.11 
Equation 5.11 was also found to be significant at a level much greater than 0.1%. 
Although vanadium is only significant at the 20% level, the important thing to note 
is that the sign of the coefficient is consistent with other terms. Figure 5.6 shows the 
calculated % elongation at fracture from Equation 5.11 plotted against the 
experimental data, with the lines representing the 95% confidence limits of ± 2.8%. 
The vertical distribution of data in Figure 5.6 is because the calculated values were 
not rounded off to whole numbers as the experimental values were. 
The regreSSIOn coefficient for carbon in Equations 5.9 and 5.10 is the same. 
However, there is no correlation with manganese and molybdenum in Equation 5.9, 
instead copper was found to be significant. A5 previously mentioned, the difference 
between Equations 5.9 and 5.10 was considered to be influenced by the small data 
sets and limited range of variables available for the Grade 300 steel. In the analysis, 
it was found that there is no inter-correlation between copper and molybdenum. 
The % elongation at fracture is a measure of the ductility of the metal. All 
parameters in Equations 5.9, 5.10 and 5.11 have negative regression coefficients 
meaning they decrease the ductility of the steel. This suggests that pure iron would 
have the maximum possible ductility and addition of alloys reduce the ductility. 
It has been generally observed that high-strength high-carbon steels have a smaller 
elongation at fracture than lower-strength low-carbon steels. Comparison with the 
equations for the lower yield strength (Equations 5.1, 5.2 and 5.4) show that for this 
analysis, elements which improve the yield strength have an adverse effect on 
ductility. For instance, increasing carbon content was found to improve the strength 
and reduce the ductility. The effect of increasing carbon content on ductility is 
considered to be a function of the increased pearlite content and the amount of the 
associated brittle cementite. 
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Increasing pearlite content gives rise to a reduction of the interlamellar spacings. 
This results in a higher rate of strain hardening and hence reduces ductility. 
Elements such as manganese can also alter the proportion of pearlite by changing the 
eutectoid composition, or by depressing the transformation temperature40, at any 
given cooling rate, thereby increasing the volume fraction of pearlite and modifying 
the interlamellar spacings. 
The regression coefficients for copper and molybdenum in Equations 5.9 and 5.10 
correspond to reductions of 1.8% and 1.6% in elongation at fracture, when 
considering the mean copper and molybdenum contents in Grade 300 and Grade 430 
steels respectively. However, these reductions are relatively small when compared 
to the mean % elongation at fracture of 34% and 29% for Grade 300 and Grade 430 
steels, 
The addition of vanadium in steels was found to decrease the ductility as revealed 
in Equation 5.11. ,The same phenomenon was also observed by Sage29• In his work, 
a reduction of 9% in elongation at fracture was recorded in 30 mm reinforcing bars 
of steels with a composition of 0.24% C, 1.25% Mn and 0.48% Si when the vanadium 
content was increased to 0.18%. The regression coefficient for vanadIum in Equation 
5.11 gives a reduction of 9.7% when increasing vanadium to 0.18%. In this particular 
case, addition of 0.04% vanadium in Grade 430 steel reduces the elongation at 
fracture by 2.1 %. 
Equations 5.9, 5.10 and 5.11 reveal that smaller diameter bars have longer % 
elongation at fracture. A reduction of approximately 2% in elongation is predicted 
from Equation 5.10 when increasing bar diameter from 10 mm to 32 mm. The 
reduction is small when compared to the total elongation of 34% and 28.7% for 
Grade 300 and Grade 430 steels, 
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5.5 THE REGRESSION OF LUDER STRAIN 
There are a limited number of research publications available on the range of Luder 
strain in reinforcing steels, and the factors affecting this property. The length of the 
Luder strain is generally known to be a function of the strength of the material. As 
for the elongation at fracture, a shorter Luder strain is observed in high-strength 
high-carbon steels, when compared with that for lower-strength low carbon steels. 
This general phenomenon agrees with the result for Grade 300 steel which has a 
longer Luder strain than Grade 430 steel. 
The regression of the 55 sets of data of Grade 300 steel yielded Equation 5.12 which 
was found to be significant at the 2.5% leveL 
LS(%) = 2.53 - 0.02(d) 
(5%) 
- Eqn. 5.12 
Equation 5.12 suggests that Luder strain of Grade 300 steel is only affected by the 
bar diameter. Equations 5.13 and 5.14 produced from the regression of Grade 430 
data and the combined data show a consistency of magnitude and sign of the 
coefficient for bar diameter. 
LS(%) = 3.0 - 1.8(%C) - 0.64(%Mn) - 0.02(d) - Eqn. 5.13 
(1%) (2%) (0.1%) 
LS(%) = 3.4 - 1.53(%C) - 0.98(%Mn) - 0.02(d) - Eqn. 5.14 
(5%) (0.1%) (0.02%) 
Figure 5.7 shows the calculated % Luder strain from Equation 5.14 plotted against 
the experimental data, with the 95% confidence limits being ± 0.45%. An equation 
similar to Equation 5.14 but with an additional vanadium term was also obtained 
from the regression of the combined data. 
LS(%) = 3.16 - 1.33(%C) - 0.62(%Mn) - 0.02(d) - 6.92(%V) - Eqn. 5.15 
(10%) (5%) (0.02%) (50%) 
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Erasmus30 suggested that Luder strain is influenced by the same microstructural and 
composition variables as affect the lower yield strength. Comparison of Equations 
5.4 and 5.14 confirms this suggestion. Carbon, manganese and bar diameter are 
coinmon parameters fOUJ.ld in almost all the,regression equations discussed. In the 
analysis; carbon and manganes~ Were found to'improve the strength but decrease the 
ductility and the Luder strain. 
Luder strain has been regarded41 as the discontinuous strain required prior to 
uniform work hardening, i.e. strain preceding the normal smooth work-hardening 
curve.· Therefore, the extent of Luder strain depends on the amount of work-
hardening required to support the applied load. Since the increasing carbon and 
manganese contents decrease the Luder strain, the pearlite must be considered to 
have a major effect. The associated increase in pearlite content combined with a 
finer interlamellar spacing would result in a higher rate of strain hardening, hence 
reducing the Luder strain. The shorter mean Luder strain of Grade 430 is believed 
to be mainly attributed to the higher manganese content (approximately 2.2 times 
greater than Grade 300 steel) in the steel. 
Since grain size is related to bar diameter, Eguations 5.12, 5.13 and 5.14 predict that 
Luder strain increases with decreasing grain size (Le. smaller bar). The prediction 
is consistent with the study of Evans42 where the variation of Luder strain was found 
to be linear with the reciprocal of the square root grain size (d-Y2) for a limited range 
of grain sizes (8 #Lm - 25 #Lm). Although there is a strong correlation with bar 
diameter in the equations, the regression coefficient is relatively small. It is 
unfortunate that the grain size dependency cannot be asse~sed due to the lack of 
data. 
In the work of Pussegodall, addition of vanadium to 0.24% C steels was found to 
have little effect on Luder strain. A slight decrease of approximately 0.06% in Luder 
strain with a 0.01 % increase in vanadium content was observed. In the regression 
analysis, vanadium was found to be relatively insignificant, at the 50% level (see 
Equation 5.15). A slightly higher reduction of 0.07% in Luder strain for every 0.01% 
increase in vanadium was predicted from Equation 5.15. The Luder strain is little 
affected by vanadium, thus the ability of steels when micro-alloyed with vanadium 
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(i.e. Grade 430 reinforcing steel) to satisfactorily form plastic hinges during severe 
seismic loading is not adversely affected. 
5.6 THE REGRESSION OF STRAIN HARDENING EXPONENT AND 
COEFFICIENT 
The preferred regression equations for strain hardening exponent, n, produced by 
Grade 300, Grade 430 and the combined data are:-
n = 0.085(%C) + 0.166(%Si) + 0.216 - Eqn. 5.16 
(20%) (10%) 
n = 0.073( %C) - 1.31(% V) + 0.24 - Eqn. 5.17 
(10%) (0.2%) 
n = 0.07(%C) - 1.55(%V) + 0.25 - Eqn. 5.18 
(10%) (0.01%) 
The equations are respectively significant at 25%, 1% and greater than 0.1 % levels. 
Figure 5.8 shows the calculated n values from Equation 5.18 plotted against the 
experimental n values. Also shown are lines representing the 95% confidence limits 
of ± 0.04. As can be seen in Figure 5.8, there is very limited variation in the 
calculated n values for Grade 300 steel. This is because the range of vanadium in 
Grade 300 steel is too small to enable the vanadium term in Equation 5.18 to make 
any contribution to the predicted results. 
The regression equations relating to the strain hardening coefficient, k, obtained from 
Grade 300 data, Grade 430 and the combined data are as follows:-
k(MPa) = 1345(%C) + 719 
(1%) 
- Eqn. 5.19 
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k(MPa) = 1691(%C) + 178(%Mn) + 533 
(>0.00002%) (0.5%) 
k(MPa) = 1649(%C) + 150(%Mn) + 577 
(>0.00002%) (>0.00002%) 
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- Eqn. 5.20 
- Eqn. 5.21 
Figures 5.9 shows the calculated k values from Equation 5.21 plotted against the 
experimental values, with the lines representing the 95% confidence limits of ± 108 
MPa. 
Although it is generally acknowledged30 that the exponent n and coefficient k are 
affected by changes in ferrite grain size, their exact relationship with grain size is not 
known. In Erasmus' work43, n was found to be linearly proportional to the reciprocal 
of the square root of the grain size and the coefficient k was independent of grain 
size for a given material. It has been postulated44 that a fine grained polycrystalline 
material contains a greater number of stored dislocations than the corresponding 
coarse grained polycrystalline material. On this basis, fine grained materials would 
strain harden at a higher rate than coarse grained materials. Since carbon and 
manganese are known45 to reduce grain size, these elements would be expected to 
increase the strain hardening exponent. The effect of increasing carbon and 
manganese on the strain hardening exponent is further enhanced by an increase in 
the volume fraction of pearlite, since pearlite makes a greater contribution to work-
hardening thanferrite35,38. As can be seen in Equations 5.16, 5,17 and 5,18, carbon 
was found significant but there was no correlation with manganese. Bar diameter 
which has an indirect effect on the grain size was found to be only significant at a 
level less than 50% with a very low regression coefficient, this parameter was 
consequently dropped from the regression analysis. 
The negative regression coefficient for vanadium is unexpected. In view of the grain 
size dependency, the reduction in grain size associated with vanadium should increase 
the strain hardening exponent. The regression coefficient for vanadium in Equation 
5.17 corresponds to a reduction of 0.05(26%) in n value when adding 0.04% of 
vanadium to Grade 430 steel. 
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Figure 5,9: Calculated and observed strain hardening coefficient k for Grade 300 and 
Grade 430 reinforcing steels using Equation 5.21 
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From Equations 5.19, 5.20 and 5.21 the strain hardening coefficient is expected to be 
a function of carbon and manganese contents. The statistical work of Erasmus30 on 
structural steel sections yielded a regression equation showing a strong dependency 
of k on carbon and manganese. Since increasing carbon and manganese are known 
to improve the strength, it follows that higher strength material would have higher 
k values. The difference in the mean k value between Grade 300 and Grade 430 
steels is considered to be due to the difference in the manganese content. Equation 
5.21 predicts an increase in k value of 103 MPa when increasing the manganese 
content from the mean value of 0.57% in Grade 300 to 1.25% in Grade 430. 
Since it is predicted that nand k are increased by increasing carbon content and n 
can be reduced by adding vanadium to steels, high strength steels with lower strain 
hardening rates can be achieved by reducing the carbon content and adding 
vanadium. In this case, vanadium has dual roles; improving the strength while at the 
same time lowering the strain hardening exponent and consequently the strain 
hardening rate. 
5.7 THE REGRESSION OF STRAIN AGEING .PARAMETERS 
Strain ageing at ambient temperature III hot-rolled reinforcing steels has been 
shownll,46 to be influenced by nitrogen. Since nitrogen content is not available for 
the regression analysis, vanadium content is used as a representative of the effect of 
nitrogen on strain ageing parameters. Although three parameters measuring the 
strain ageing index of Grade 300 and Grade 430 steels were determined, the yield 
related strain ageing parameter A Y, (where A Y := post strain age lower yield stress -
prestrain flow stress), was mainly used in the regression as the dependent variable, 
because this parameter gives the most consistent indication of strain ageing. No 
regression was carried out on Grade 300 data because the mean vanadium content 
is only 0.003%. 
The regression of Grade 430 data yielded Equation 5.22 which has a strong 
correlation with vanadium. 
Il. Y(MPa) = 136 - 95(%C) - 0.66(d) - 1240(%V) 
(2.5%) (0.01%) (0.005%) 
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- Eqn. 5.22 
Equation 5.22 has a F-value of 17.5 and is significant at a level much greater than 
0.1 %. A comparison between the experimental data and the calculated values of Il. Y 
from Equation 5.22 is shown in Figure 5.10. Also shown are lines representing the 
95% confidence limits of ± 23.5 MPa. 
When ·silicon was included as a variable in the regression, Equation 5.23 was 
obtained. 
Il. Y(MPa) = 112 - 99(%C) - 0.61(d) + 58(%Si) - 1140(%V) - Eqn. 5.23 
(5%) (0.05%) (10%) (0.02%) 
The regression coefficients for the remaining parameters do not differ much when 
compared to Equation 5.22, but the corresponding significance levels were found to 
be lower. 
The predicted effect of vanadium in reducing the strain ageing parameter, Il. Y, as 
shown in Equations 5.22 and 5.23 is not unexpected. The addition of vanadium to 
low carbon steels will result in the combination of the active nitrogen with vanadium 
to form stable vanadium nitride precipitates and so suppress strain ageing. In order 
to combine sufficient of the available nitrogen as vanadium nitride to successfully 
render the steel non-strain ageing, vanadium contents of 0.04% to 0.06% have been 
shown19 to be necessary. Using Equation 5.22, the amount of vanadium required to 
completely eliminate strain ageing in Grade 430 reinforcing steel was found to be 
approximately 0.08%, which is well in excess of the stoichiometric requirement for 
steels which contain 0.005% - 0.006% nitrogen. Unfortunately, the nitrogen content 
is not available to confirm the above estimation. Pussegoda19 found that for optimum 
properties after strain ageing, particularly the transition temperature, the V IN ratio 
should be between 7 and 9. 
The negative regression coefficient for bar diameter in Equations 5.22 and 5.23 
predicts higher magnitude of Il. Y for small diameter bars. The grain size is related 
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to bar diameter and smaller bar will have finer grain size, suggesting that steels of 
finer grain size are more susceptible to strain ageing. This phenomenon agrees with 
earlier research work47,48 where the grain size dependence of strain ageing has been 
established. 
The effect of carbon in reducing ll. Y, predicted by Equations 5.22 and 5.23, is 
inconsistent with the grain size dependency of strain ageing. Since increasing carbon 
is known to contribute to a reduction of grain size, an increase in ll. Y would be 
expected. It is speculated that the predicted effect of carbon could be similar to 
manganese, in retarding strain ageing by slowing the rate at which nitrogen segregates 
to grain boundaries46,49. In the analysis, manganese was found significant at less than 
the 50% level and consequently was dropped from the regression. However, the 
regression coefficient for manganese was found to be negative, implying that ll. Y 
decreases with increasing manganese content. 
Equation 5.23 predicts an increase in ll. Y with an increase in silicon content. The 
prediction is inconsistent with the study of Robert et alSO and Arrowsmith51 where an 
addition of 0.3% silicon has been shown to result in the precipitation of manganese-
silicon nitrides which can inhabit strain ageing in. low carbon steels by removing 
nitrogen. It may be the small range of silicon considered is responsible for the 
unexpected effect of silicon in Equation 5.23. 
Equations 5.24 and 5.25 also reveal the significance of vanadium in reducing strain 
agemg. 
ll.U(MPa) = 46 - 627(%V) 
(20%) 
ll.El(%) = 1.52 - 18.8(%V) 
(20%) 
- Eqn. 5.24 
- Eqn. 5.25 
These equations can be used in conjunction with Equations 5.22 or 5.23 to predict the 
strain ageing behaviour for Grade 430 reinforcing steeL 
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5.5 SUMMARY 
All the regression equations presented in this chapter are summarised in Table 5.5, 
which also shows the significance level of each coefficient and of the equation as a 
whole. It can be seen from the table that the significance levels of the equations 
(given by the F value) as well as of the coefficients were markedly improved when 
Grade 430 and the combined data were used in the regression analysis. This is 
mainly due to the: larger data sets and an increase in the range of chemical 
composition associated with the combined data. Equations derived from the 
combined data generally involve the same parameters as those produced by Grade 
430 data, but with alterations in the regression coefficients. 
From the regression analysis, increasing bar diameter was found to have an adverse 
effect on the strengths as well as the ductility and Luder strain of the reinforcing 
steels. The predicted effect of bar diameter on lower yield strength and tensile 
strength is not unexpected since smaller bars will have a faster cooling rate. 
Consequently, a finer grain size and higher strength would be expected. However, 
the argument for grain size effect on ductility and Luder strain is not very convincing. 
It was also found that strain ageing is enhanced in smaller diameter bars. This 
prediction is consistent with other research work assuming that the diameter is 
related to the grain size. However, calculated values of lower yield strength, and 
tensile strength for four different bar diameters of the "low carbon trial heats" do not 
correspond well with the experimental data. 
In general, carbon and manganese were found to increase strength but decrease 
ductility and Luder strain. Elements such as silicon,nickel and copper were also 
found to be beneficial to the strengths. The regression equation for flY predicts that 
a high carbon content reduces strain ageing, and that steels of lower vanadium 
content are more susceptible to strain ageing. The latter prediction is not unexpected 
since addition of vanadium results in the precipitation of vanadium nitrides and 
consequently reduces strain ageing by removing active nitrogen. Using the equation, 
the vanadium content required to completely eliminate strain ageing in Grade 430 
reinforcing steel was estimated to be approximately 0.08%. The predicted effect of 
carbon on !J. Y is not really· understood. 
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From the regression analysis, vanadium was found to reduce ductility and Luder 
strain, but the effect was small when compared to the total elongation and Luder 
strain of Grade 300 and Grade 430 reinforcing steels. By contrast, the effect of 
vanadium on the strain hardening exponent n was to reduce it significantly. 
Generally, the addition of vanadium to reinforcing steels has been found to be 
beneficial with regard to the strength, strain hardening rate and strain ageing without 
significantly affectil}g ductility and Luder strain. 
The regression equations derived from the available data are only of statistical 
significance for the samples that were tested. The significance of each regression 
coefficient and the equation as a whole is a function of the range of chemical 
composition considered. Nevertheless, these linear equations enable predictions of 
mechanical properties and strain ageing behaviour for Grade 300 and Grade 430 
reinforcing bars from production variations in chemical composition. 
Table 5.5: Summary of significant equations from Multipre Linear Regression analysis 
-------- -
_ ...... _ .. .-
----
Eqn. Grade Data Dependent Regression Coefficients and (Significance Levels) 
No. Sets Variable 
%C %Mn %CEQ d %Si %Ni %Mo %Cu %V 
5.1 300 55 LYS(MPa) 133 - 1.0 319 
(10%) (1%) (0.5%) 
5.2 430 125 LYS(MPa) 523 105 ·0.97 43 750 
(>0.00002%) (0.02%) (0.01%) (10%) (20%) 
5.3 430 125 LYS(MPa) 313 • 1.10 80 1323 
(>0.00002%) (0.001%) (0.05%) (0.5%) 
5.4 Combined 180 LYS(MPa) 469 98 • 1.11 46 1253 
(>0.00002%) (0.01%) (0.00005%) (1%) (0.2%) 
5.5 Combined 180 LYS(MPa) 281 ·1.26 71 2226 
(>0.00002%) (0.00002%) (0.01%) (>0.00002%) 
5.S 300 55 TS(MPa) 264 103 
(0.2%) (5%) 
5.7 430 125 TS(MPa) 695 141 ·0.87 66 768 
(>0.00002%) (0.2%) (2%) (10%) (20%) 
5.8 Combined 180 TS(MPa) 659 131 ·0.92 62 992 
(>0.00002%) (0.005%) (0.2%) (2%) (10%) 
Con- Eqn. 
stant F 
Value 
307 5.10 
203 31.58 
272 34.00 
205 481 
256 548 
424 7.00 
2n 23.40 
290 308.60 
Eqn. 
Signif. 
Level 
0.5% 
»0.1% 
»0.1% 
»0.1% 
»0.1% 
»0.1% 
> >0.1% 
»0.1% 
I 
,..... 
o 
\0 
Table 5.5 continued ... 
-- ---
£qn. Grade Data Dependent 
No. Sets Variable 
. %C %Mn 
5.9 300 55 Elongation -28 
(%) (0.2%) 
5.10 430 125 Elongation 
- 28 - 4.6 
(%) (>0.00002%) (2%) 
5.11 Combined 180 Elongation - 30 - 3.9 
(%) (>0.00002%) (5%) 
5.12 300 55 LS(%) 
5.13 430 125 LS(%) - 1.8 - 0.64 
(1%) (2%) 
5.14 Combined 160 LS(%) -1.53 - 0.98 
(5%) (0.1%) 
5.15 Combined 180 LS(%) - 1.33 - 0.62 
(10%) (5%) 
5.16 300 55 n 0.085 
(20%) 
-~ _ ..... _ .. _._ ................ _ .. _.-
Regression Coefficients a.nd (Significance Levels) 
%CEQ d %Si %Ni %Mo %Cu %V 
- 0.18 - 4.8 
(Q.005%) (10%) 
- 0.10 -96 
(0.001%) (2%) 
- 1.12 
- 66 -?4 
(>0.00002%) (5%) (20%) . 
- 0.02 
(5%) 
-0.02 
(0.1%) 
- 0.02 
(0.02%) 
- 0.02 - 6.92 
(0.02%) (50%) 
0.166 
(10%) 
---
Con- Eqn. 
stant F 
Va.lue 
46 21.60 
44.4 23.97 
46 131.72 
2.53 5.55 
3.0 29.44 
3.4 153 
3.16 116 
0.216 1.16 
Eqn. 
Signif. 
Level 
»0.1% 
> >0.1% 
»0.1% 
2.5% 
»0.1% 
»0.1% 
»0.1% 
25% 
i-' 
i-' 
o 
Table 5.5 Continued ••• 
Eqn. Grade Data Dependent 
No. Sets Variable 
%C %Mn 
5.17 430 125 n 0.073 
(10%) 
5.18 Combined 180 n 0.070 
(10%) 
5.19 300 55 k(MPa) 1345 
(1%) 
5.20 430 125 k(MPa) 1691 178 
(>0.00002%) (0.5%) 
5.21 Combined 180 k(MPa) 1649 150 
(>0.00002%) (>0.00002%) 
5.22 430 125 ~Y(MPa) - 95 
(2.5%) 
5.23 430 125 ~Y(MPa) -99 
(5%) 
5.24 430 125 ~U(MPa) 
5.25 430 125 ~EI(%) 
. 
Regression Coefficients and (Significance Levels) 
%CEQ d %Si %Ni %Mo %Cu %V 
- 1.31 
(0.2%) 
- 1.55 
(0.01%) 
- 0.66 - 1240 
(0.01%) (0.005%) 
- 0.61 58 - 1140 
(0.05%) (10%) (0.02%) 
- 627 
(20%) 
- 18.8 
(20%) 
Con- Eqn. 
stant F 
Value 
0.240 5.70 
0.250 158 
719 7.71 
533 45.4 
577 159 
136 17.5 
112 14.33 
46 2.18 
1.52 2.10 
Eqn. 
Signff. 
Level 
1% 
»0.01% 
»0.1% 
> >0.1% 
»0.1% 
»0.1% 
»0.1% 
25% 
25% 
~ 
~ 
~ 
CHAPTER 6 
CONCLUSIONS 
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Using data supplied by Pacific Steel Ltd and data generated in the Materials 
Laboratory of the Department, a statistical analysis of lower yield strength, tensile 
strength, elongation at fracture, Luder strain at the yield point, strain hardening rate, 
and three parameters measuring the strain ageing index has been carried out for 
Grade 300 and Grade 430 reinforcing steels. Distributions of these properties were 
produced from three different sets of data (machined specimen, lab deformed and 
Pacific Steel deformed). The mean lower yield strengths of machined specimen data 
were 339.8 MPa for Grade 300 and 466.7 MPa for Grade 430 steels. For both grades 
of steel, the 95 % characteristic strengths of machined specimen data and Pacific Steel 
deformed data were found to comply with the test properties specified in NZS 
3402:1989. 
Variation in the distributions and mean values of lower yield strength and tensile 
strength determined from different sets of data were found to be mainly attributed 
to the different strain rates employed in the tensile tests. The type of test piece only 
affects the tensile strength and % elongation at fracture. However, Luder strain was 
found to be insensitive to strain rate and the geometry of test specimen. 
Grade 430 reinforcing steel was found to have a mean % elongation at fracture of 
28.7% and a mean Luder strain of 1.3% which are higher than those of the previous 
Grade 380 steel. In addition, Grade 430 steel has a lower strain hardening rate and 
is less susceptible to strain ageing. The improved properties are mainly due to the 
addition of 0.04% vanadium as revealed by the multiple linear regression analysis. 
The multiple linear regression analysis has successfully yielded equations which 
provide an indication of how the mechanical properties, strain hardening 
characteristic and strain ageing index of Grade 300 and Grade 430 reinforcing steels 
are affected by the percentages of the different chemical elements. These simple 
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equations are particularly useful for Pacific Steel Ltd in predicting the properties 
from production variations in chemical composition. 
From the analysis of the regression equations, bar diameter was found to have an 
adverse effect on strength, particularly lower yield strength. The effect of bar 
diameter on strength is believed to be'related to the grain size. Smaller diameter bar 
has a higher cooling rate and so a finer grain size, consequently the strength is higher. 
However, tensile strength was found to be less affected by bar diameter, due to the 
fact that ferrite grain size has less effect on tensile strength. 
Carbon and manganese were found to increase strength. This is believed to be 
through grain refinement and solid-solution hardening mechanisms. However, they 
adversely affect the ductility and Luder strain, which are probably related to the 
pearlite content and the strain hardening rate. The lower yield strength, tensile 
strength, % elongation at fracture and Luder strain of Grade 300 and Grade 430 
reinforcing steel can be predicted using the following equations. 
LYS(MPa) = 469(%C) + 98(%Mn) - l.11(d) + 46(%Cu) + 1253(%V) + 205 
- Eqn. 5.4 
TS(MPa) == 659(%C) + 131(%Mn) - 0.92(d) + 62(%Cu) + 992(%V) + 290 
- Eqn. 5.8 
Elongation at Fracture(%) == 46 - 30(%C) - 3.9(%Mn) - 0.12(d) - 66(%Mo) 
- 54(%V) - Eqn. 5.11 
LS(%) = 3.4 - 1.53(%C) - 0.98(%Mn) - 0.02(d) - Eqn. 5.14 
Following the regression equations, it can be concluded that the addition of 0.04% 
vanadium to Grade 430 steel has been very beneficial. Vanadium was found to 
increase the strengths without significantly reducing the ductility and Luder strain. 
On the other hand, vanadium was found to reduce the strain hardening exponent n 
and strain ageing. These improved properties would enhance the use of Grade 430 
steel in plastic hinge zones in reinforced concrete structures. 
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Table A.1: Chemical composition of Grade 300 reinforcing steel 
.C1 
== ~
Cast Diameter Chemical Analysis ~ 
Number (mm) 
C Mn Si S P Ni Cr Mo Cu Sn V 
C1 
~ 
61414 32 0.20 0.60 0.19 '0.040 0.029 . 0.14 0.11 0.019 0.37 0.036 0.003 C1 
·61473 -32- , 0.22 0.54 0.14 0.023 0.019 0.10 0.08 0.013 0.37 0.036 0.003 0 
63139 32 0.19 0.56 0.17 0.038 0.042 0.09 0.11 0.015 0.52 0.043 0.003 
63210 32 0.20 0.54 0.15 0.022 0.020 0.09 0.07 0.014 0.34 0.029 0.003 
63Q28 32 0.20 0.53 0.12 0.034 0.031 0.12 0.11 0.018 0.56 0.034 0.003 
63236 32 0.20 0.54 0.16 0.038 0.039 0.12 0.14 0.018 0.52 0.034 0.003 
63261 32 0.19 0.61 0.14 0.042 0.026 0.10 0.09 0.016 0.46 0.038 0.003 
63279 32 0.24 0.56 0.16 0.021 0.018 0.10 0.08 0.Q14 0.35 0.030 0.002 
63287 32 0.19 0.52 0.17 0.044 0.040 0.10 0.08 0.015 0.40 0.038 0.003 
58317 28 0.17 0.58 0.13 0.042 0.021 0.10 0.09 0.017 0.42 0.032 0.003 
58325 28 0.20 0.53 0.13 0.030 0.015 0.10 0.07 0.015 0.37 0.037 0.003 
~ 
10 
I~ ~ 
IS ~ 
Z Z 
o S 
~ ~ 
58350 28 0.18 0.64 0.16 ' 0.034 0.050 0.09 0.12 0.017 0.36 0.045 0.003 
58368 28 0.18 0.57 0.15 0.025 0.042 0.10 0.11 0.018 0.35 0.037 0.003 
58376 28 0.16 0.65 0.15 0.022 0.025 0.16 0.09 0.017 0.41 0.034 0.004 
~ > .~ 
Z 
58392 28 0.21 0.62 0.14 0.033 0.028 0.11 0.10 0.016 0.40 0.038 0.003 
58406 28 0.18 0.54 0.15 0.031 0.020 0.10 0.08 0.018 0.40 0.032 0.003 
58465 28 0.18 0.60 0.11 0.033 0.028 0.12 0.11 0.017 0.40 0.039 0.003 
58473 28 0.16 0.82 0.16 0.033 0.041 0.10 0.13 0.Q15 0.32 0.032 0.007 
58503 28 0.19 0.57 0.14 0.038 0.022 0.10 0.09 0.017 0.36 0.039 0.002 
60635 28 0.22 0.56 0.13 0.024 0.025 0.10 0.11 0.018 0.37 0.037 0.003 
~ 
0 
~ 
C1 
1-1 
Z 
~ 
60741 28 0.21 0.51 0.15 0.038 0.017 0.09 0.08 0.013 0.37 0.030 0.002 
60759 28 0.18 0.58 0.16 0.042 0.020 0.10 0.09 0.014 0.36 0.030 0.003 
60783 28 0.20 0.51 0.15 0.028 0.017 0.09 0.08 0.013 0.24 0.030 0.001 
60805 28 0.18 0.63 0.33 0.032 0.026 0.09 0.09 0.012 0.26 0.033 0.003 
r.J'j 
~ 
~ 
r 
60813 28 0.17 0.56 0.16 0.032 0.028 0.09 0.08 0.013 0.33 0.048 0.002 
61091 28 0.22 0.55 0.11 0.029 0.027 0.12 0.10 0.016 0.46 0.034 0.002 
58511' 24: 0;19 0.57 0.17 0.031 0.020 0.09 0.10 0.017 0.34 0.033 0.002, I-' tv 
60236' 24 0.17 0.50 0.13 0.022 0.009 0.10 0.05 0.012 0.26 0.030 0.001 0 
Table A.1 continued ... 
Cast Diameter 
Number (mm) 
C Mn Si S 
60317 24 0.18 0.52 0.14 0.027 
60325 24 0.21 0.49 0.14 0.026 
60333 24 0.16 0.49 0.11 0.023 
61457 24 0.17 0.56 0.16 0.021 
61503 24 0.17 0.57 0.19 0.024 
63724 24 0.17 0.54 0.14 0.028 
63741 24 0.17 0.58 0.19 0.040 
63872 24 0.18 0.52 0.15 0.044 
63902 24 0.19 0.59 0.16 0.036 
63929 24 0:20 0.54 0.17 0.039 
63937 24 0.18 0.58 0.17 0.037 
63961 24 0.20 0.54 0.14 ' 0.034 
64066 20 0.23 0.51 0.19 0.025 
64074 20 0.17 0.54 0.15 0.043 
64082 20 0.15 0.63 0.19 0.042 
64091 20 0.17 0.63 0.16 0.037 
64112 20 0.18 0.56 0.13 0.022 
64121 20 0.18 0.60 0.17 0.042 
64104 20 0.15 0.60 0.12 0.043 
64147 20 0.17 0.56 0.13 0.024 
64155 20 0.19 0.59 0.16 0.032 
64171 20 0.17 0.60 0.14 0.019 
64228 20 0.17 0.52 0.18 0.042 
64201 20 0.19 0.54 0.16 0.038 
64236 20 0.17 0.54 0.21 0.038 
64244 20 0.19 0.54 0.17 0.038 
64210 20 0.18 0.51 0.17 0.038 
Chemical Analysis 
P Ni Cr Mo 
0.012 0.11 0.06 0.018 
0.012 0.10 0.05 0.013 
0.020 0.11 0.08 0.015 
0.019 0.10 0.08 0.018 
0.019 0.09 0.09 0.011 
0.013 0.11 0.07 0.016 
0.026 0.12 0.13 0.023 
0.025 0.12 0.11 0.019 
0.020 0.12 0.10 0.017 
0.015 0.11 0.09 0.019 
0.012 0.09 0.06 0.015 
0.016 0.11 0.08 0.018 
0.010 0.11 0.09 0.017 
0.027 0.10 0.13 0.018 
0.028 0.12 0.15 0.020 
0.032 0.12 0.14 0.020 
0.028 0.09 0.06 0.013 
0.019 0.10 0.11 0.019 
0.019 0.12 0.10 0.021 
0.016 0.10 0.11 0.019 
0.022 0.10 0.11 0.017 
0.021 0.09 0.08 0.014 
0.014 0.11 0.08 0.020 
0.024 0.11 0.11 0.019 
0.018 0.11 0.11 0.019 
0.014 0.11 0.07 0.020 
0.016 0.10 0.07 0.016 
Cu 
0.36 
0.33 
0.40 
0.38 
0.37 
0.36 
0.44 
0.42 
0.47 
0.40 
0.38 
0.44 
0.30 
0.42 
0.41 
0.40 
0.27 
0.42 
0.49 
0.36 
0.38 
0.34 
0.42 
0.37 
0.42 
0.43 
0.34 
Sn 
0.034 
0.035 
0.035 
0.040 
0.033 
0.030 
0.037 
0.041 
0.043 
0.039 
0.035 
0.034 
0.030 
0.032 
0.035 
0.033 
0.020 
0.039 
0.042 
0.035 
0.034 
0.032 
0.040 
0.056 
0.039 
0.039 
0.040 
V 
0.002 
0.002 
0.003 
0.003 
0.002 
0.002 
0.003 
0.003 
0.003 
0.003 
0.002 
0.003 
0.002 
0.003 
0.003 
0.004 
0.002 
0.003 
0.003 
0.003 
0.003 
0.003 
0.002 
0.003 
0.002 
0.002 
0.002 
.... 
N 
.... 
Cast Diameter 
Number (mm) 
I C 
63171 32 0.23 
63198 32 0.21 
63341 32 0.20 
63376 32 0.21 
63384 32 0.24 
63392 32 0.23 
63414 32 0.22 
63422 32 0.21 
63431 32 0.21 
63449 32 0.20 
63457 32 0.19 
63465 32 0.19 
63473 32 0.21 
63481 32 0.21 
63490 32 0.22 
63503 32 0.20 
63511 32 0.19 
63520 32 0.19 
63538 32 0.22 
63562 32 0.23 
63571 32 0.21 
63589 32 0.19 
63597 32 0.20 
63546 32 0.19 
63601 32 0.22 
63619 32 0.21 
63635 32 0.22 
Table A.2: Chemical composition of Grade 430 reinforcing steel 
Chemical Analysis 
Mn Si S P Ni Cr Mo 
1.14 0.26 0.028 0.018 0.09 0.09 0.013 
1.29 .0.24 0.020 0.020 0.09 0.07 0.013 
1.21 0.33 0.039 0.018 0.13 0.10 0.027 
1.20 0.36 0.026 0.017 0.12 0.10 0.021 
1.28 0.32 0.033 0.026 0.10 0.10 0.018 
1.14 0.31 0.042 0.021 0.10 0.09 0.016 
1.15 0.38 0.037 0.020 0.10 0.07 0.017 
1.29 0.29 0.042 0.017 0.10 0.07 0.017 
1.25 0.30 0.031 0.014 0.12 0.06 0.019 
1.29 0.32 0.041 0.015 0.11 0.08 0.019 
1.46 0.23 . 0.037 0.020 0.12 0.08 0.020 
1.36 0.27 0.038 0.024 0.12 0.13 0.023 
1.26 0.32 0.034 0.023 0.12 0.11 0.021 
1.28 0.30 ·0.036 0.014 0.16 0.11 0.026 
1.28 0.33 0.032 0.033 0.09 0.11 0.015 
1.27 0.32 0.029 0.026 0.10 0.11 0.016 
1.33 0.28 0.016 0.046 0.10 0.14 0.015 
1.36 0.26 0.025 0.036 0.11 0.12 0.018 
1.36 0.30 0.031 0.026 0.12 0.11 0.020 
1.25 0.32 0.036 0.018 0.12 0.09 0.022 
1.39 0.37 0.034 0.023 0.11 0.11 0.019 
1.31 . 0.33 0.036 0.019 0.10 0.08 0.018 
1.37 0.32 0.030 0.027 0.12 0.09 0.019 
1.31 0.30 0.029 0.033 0.12 0.13 0.017 
1.30 0.28 0.043 0.022 0.12 0.09 0.020 
1.24 0.26 ' 0.037 0.024 0.13. 0.12 0.024 
1.27 0.24 0.022 0.023 0.13 0.12 0.027 
Cu Sn 
0.38 0.034 
0.35- 0.032 
0.54 0.041 
0.48 0.040 
0.41 0.037 
0.43 0.033 
0.37 0.034 
0.43 0.036 
0.45 0.037 
0.44 0.036 
0.47 0.038 
0.50 0.036 
0.45 0.035 
0.54 0.040 
0.39 0.037 
0.42 0.034 
0.41 0.044 
0.38 0.036 
0.39 0.030 
0.46 0.032 
0.43 0.035 
0.41 0.036 . 
0.47 0.039 
0.38 0.031 
0.42 0.036 
0;44 0.033 
0.48 0.032 
V 
0.036 
0.044 
0.041 
0.040 
0.038 
0.039 
0.040 
0.037 
0.040 
0.041 
0.056 
·0.046 
0.040 
0.045 
0.040 
0.039 
0.044 
0.041 
0.043 
0.038 
0.051 
·.0.039 
0.044 
0.041 
0.045 
0.043 
0.046 
I--' 
N 
N 
Table A.2 continued ••• 
Cast Diameter Chemica/Analysis 
Number (mm) 
C Mn Si S P Ni Cr Mo Cu Sn V 
63651 32 0.21 1.25 0.32 0.036 0.035 0.11 0.15 0.020 0041 0.036 0.041 
63660 32 0.19 1.23 0.29 0.034 0.033 0.12 0.15 0.019 0041 0.030 0.045 
63694 32 0.21 1.24 0.36 0.037 0.015 0.13 0.09 0.020 0048 0.042 0.040 
63759 32 0.25 1.12 0.33 0.041 0.030 0.14 0.14 0.023 0.46 0.036 0.036 
63767 32 0.20 1.25 0.32 0.039 0.022 0.10 0.09 0.020 0.37 0.031 0.037 
63783 32 0.23 1.12 0.33 0.034 0.015 0.12 0.09 0.021 0.31 0.029 0.039 
63775 32 0.21 1.23 0.37 0.035 0.022 0.12 0.11 0.018 0.37 0.034 0.044 
63805 32 0.21 1.18 0.38 0.041 0.030 0.12 0.10 0.019 0.40 0.036 0.039 
63813 32 0.24 1.15 0.35 0.044 0.029 0.11 0.12 0.023 0.37 0.033 0.039 
63830 32 0.21 1.19 0.35 0.046 0.024 0.12 0.12 0.019 0.33 0.034 0.037 
63406 32 0.19 1.36 0.27 0.033 0.022 0.10 0.09 0.017 0044 0.034 0.038 
57961 28 0.18 1.50 0040 . 0.030 0.045 0.09 0.12 0.016 0.31 0.037 0.053 
58015 28 0.19 1048 0.27 0.019 0.030 0.09 0.09 0.014 0.39 0.042 0.051 
58023 28 0.18 1.35 0.31 0.025 0.018 0.09 0.08 0.013 0.35 0.039 0.041 
58040 28 0.21 1.26 0.30 0.030 0.021 0.10 0.10 0.019 0.31 0.029 0.042 
58058 28 0.22. 1.34 0.35 0.035 0.022 0.10 0.11 0.020 0.37 0.029 0.047 
58066 28 0.21 1.29 0.33 0.028 0.023 0.11 0.12 0.022 0.39 0.029 0.041 
58074 28 0.21 1.22 0.29 0.033 0.023 0.09 0.10 0.017 0.35 0.031 0.038 
58104 28 0.23 1.30 0.34 0.035 0.031 0.11 0.12 0.021 0.43 0.037 0.041 
58163 28 0.20 1.22 0.30 0.029 0.021 0.08 0.08 0.012 0.29 0.034 0.038 
58171 28 0.21 1.32 0044 0.032 0.028 0.09 0.10 0.013 0.33 0.037 0.033 
58180 28 0.21 1.22 0.30 0.033 0.039 0.09 0.10 0.013 DAD 0.039 .0.050 
58198 28 0.20 1.28 0.38 0.037 0.037 0.09 0.10 0.016 0.75 0.038 0.037 
58201 28 0.23 1.34 0.37 0.032 0.030 0.09 0.09 0.015 0046 0.029 0.048 
58210 28 0.20 1.13 0.29 0.011 0.038 0.12 0.14 0.016 0.38 0.034 0.039 
58228 28 0.24 1.30 0.36 0.029 0.027 0.11 0.11 0.016 0.35 0.031 0.038 
60872 28 0.21 1.19 0.32 0.031 0.036 0.08 0.08 0.011 0.33 0.031 0.038 
I--' 
t3 
Table A.2 continued ... 
Cast Diameter Chemical Analysis 
Number (mm) 
C Mn Si S P Ni Cr Mo Cu Sn V 
60.881 28 0..24 1.18 0..33 0..0.28 0..0.28 0..0.8 0..0.8 0..0.12 0..32 0..0.34 0..0.37 
60.899 28 0..22 1.20. 0..34 0..0.29 0..0.31 0.0.9 0..12 0..0.14 0..32 0..0.32 0..0.39 
60.90.2 28 0..24 1.21 0..36 0..0.40. 0..0.36 0..10. 0..10. 0..0.15 0..37 0..0.39 0..0.42 
60.911 28 0..22 1.18 0..30. 0..0.35 0..0.49. 0..10. 0..11 0..0.15 0..34 0..0.38 0..0.38 
60.937 28 0..21 1.14 0..30. 0..0.37 0..0.41 0..12 0..13 0..0.16 . 0..44 0..0.37 0..0.36 
60.953 28 0..20. 1.28 0..33 0..0.32 0..0.30. 0..10. 0..0.9 0..0.13 0..35 0..0.40. 0..0.36 
62911 28 0..21 . 1.29 0..36 0..0.47 0..0.33 0..11 0..0.7 0..0.17 0..38 0..0.27 0..0.38 
62937 28 . 0..22 1.27 0..33 0..0.34 0..0.16 0..0.9 0..0.6 0..0.16 0..34 0..0.31 0..0.46 
62945 28 0..19 1.29 0..33 0..0.37 0..0.22 0..0.9 0..0.7 0..0.18 0..34 0..0.35 0..0.41 
62953 28 0..21 1.27 0..34 0..0.34 0..0.19 0..0.9 0..0.9 0..0.19 0..34 0..0.40. 0..0.38 
62961 28 0..19 1.26 0..34 0..0.29 0..0.31 0..0.9 0..10. 0..0.17 0..36 0..0.40. 0..0.38 
62970. 28 0..19 1.38 0..38 . 0..0.37 0..0.18 0..0.9 0..0.9 0..0.16 0..39 0..0.46 0..0.40. 
62996 28 0..18 1.35 0..28 0..0.30. 0..0.20. 0..0.9 0..0.7 0..0.16 0..34 0..0.35 0..0.40. 
630.0.7 28 0..21 1.35 0..36 0..0.33 0..0.20. 0..0.8 0..0.8 0..0.14 0..39 0..0.33 0..0.39 
630.15 28 0..21 1.27 0..33 0..0.30. 0..0.27 0..0.9 0..0.9 0..0.15 0..36 0..0.35 0..0.38 
630.66 28 0..22 1.29 0..33 0..0.32 0..0.39 0..10. 0..13 0..0.14 0..38 0..0.38 0..0.38 
630.82 28 0..22 1.15 0..34 0..0.33 0..0.21 0..10. 0..11 0..0.20. 0..42 0..0.35 0..0.37 
630.91 28 0..23 1.25 0..33 0..0.41 0..0.20. 0..10. 0..0.8 0..0.16 0..48 0..0.37 0..0.39 
" 54465 24 0..23 1.26 0..32 0..0.28 0..0.14 0..0.8 0..0.7 0..0.13 0..32 0..0.31 0..0.38 
54457 24 0..21 1.28 0..31 0..0.31 0..0.24 0..0.8 0..10. 0..0.12 0..31 0..0.37 0..0.42 
580.82 24 0..19 1.24 0..31 0..0.37 0..0.22 0..10. 0..10. 0..0.20. 0..38 0..0.35 0..0.36 
58155 24 0..18 1.31 0..28 0..0.34 0..0.29 0..0.9 0..0.8 0..0.16 0..48 0..0.47 0..0.41 
58252 24 0..19 1.19 0..33 0..0.35 0..0.22 0..0.9 0..10. 0..0.20. 0..42 0..0.40. 0..0.37 
60.121 24 0..20. 1.31 0..36 0..0.37 0..0.14 0..0.9 0..0.6 D.Q15 0..50. 0..0.49 0..0.40. 
60.139 24 0..20. 1.36 0..27 0..0.31. 0..0.29 0..0.9 D.1() 0..0.14 0..36 0..0.36 0..0.47 
60.155 24 0..21 1.33 0..37 0..0.37 0..0.21 0..0.9 0..0.7 0..0.14 0..37 0..0.37 0..0.44 
"""'" ~ 
Table A.2 continued .,. 
Cast Diameter 
Number (mm) 
C Mn Si S 
60431 24 0.20 1.30 0.32 0.016 
60520 24 0.22 1.20 0.35 0.036 
60538 24 0.21 1.26 0.37 0.042 
60554 24 0.23 1.35 0.37 0.032 
60597 24 0.24 1.17 0.33 0.032 
60601 24 0.22 1.15 0.33 0.036 
60619 24 0.20 1.19 0.36 0.040 
60627 24 0.20 1.17 0.35 0.030 
63201 24 0.19 1.22 0.37 0.017 
63295 24 0.20 1.21 0.33 0.043 
63309 24 0.21 1.23 0.33 0.036 
63368 24 0.20 1.18 0.33 0.033 
63627 24 0.20 1.23 0.27 0.040 
63708 24 0.18 1.36 0.38 0.038 
64317 24 0.20 1.24 0.32 0.030 
57899 20 0.19 1.30 0.29 0.034 
60147 12 0.20 1.27 0.33 0.041 
60163 12 0.19 1.29 0.39 0.033 
60198 12 0.20 1.19 0.29 0.035 
60210 12 0.22 1.15 0.34 0.039 
60244 12 0.19 1.23 0.32 0.029 
60295 12 0.21 1.18 0.34 0.032 
60368 12 0.18 1.13 0.36 0.032 
60384 12 0.19 1.12 0.36 0.040 
60392 12 0.20 1.29 0.37 0.036 
60414 12 0.20 1.28. 0.28 0.028 
60422 12 0.20 1.28· 0.30 0.027 
Chemical Analysis 
P Ni Cr Mo 
0.037 0.09 0.11 0.014 
0.030 0.08 0.10 0.014 
0.039 0.09 0.11 0.017 
0.034 0.09 0.11 0.014 
0.020 0.09 0.07 0.013 
0.027 0.09 0.09 0.019 
0.035 0.13 0.13 0.024 
0.035 0.13 0.14 0.025 
0.022 0.12 0.09 0.017 
0.027 0.12 0.09 0.016 
0.036 0.11 0.11 0.018 
0.015 0.11 0.07 0.Q18 
0.025 0.12 0.10 0.022 
0.022 0.10 0.11 0.024 
0.011 0.10 0.05 0.017 
0.028 0.09 0.10 0.017 
0.033 0.09 0.10 0.014 
0.022 0.09 0.09 0.014 
0.040 0.12 0.11 0.023 
0.034 0.10 0.11 0.018 
0.023 0.10 0.10 0.015 
0.017 0.10 0.09 0.013 
0.038 0.11 0.11 0.016 
0.026 0.12 0.10 0.015 
0.026 0.11 0.09 0.017 
0.019 0.09 0.06 0.014 
0.020 0.09 0.08 0.013 
Cu 
0.41 
0.49 
0.40 
0.36 
0.34 
0.34 
0.40 
0.50 
0.43 
0.48 
0.54 
0.44 
0.44 
0.46 
0.34 
0.37 
0.37 
0.39 
0.31 
0.34 
0.38 
0.36 
0.50 
0.39 
0.33 
0.35 
0.32 
Sn 
0.030 
0.035 
0.039 
0.031 
0.033 
0.035 
0.044 
0.042 
0.034 
0.039 
0.036 
0.035 
0.034 
0.029 
0.035 
0.033 
0.036 
0.035 
0.030 
0.030 
0.031 
0.035 
0.046 
0.033 
0.032 
0.031 
0.031 
V 
0.044 
0.039 
0.041 
0.041 
0.036 
0.038 
0.039 
0.037 
0.041' 
0.038 
0.039 
0.037 
0.039 
0.045 
0.039 
0.041 
0.041 
0.040 
0.039 
0.039 
0.041 
0.038 
0.039 
0.038 
0.041 
0.043 
0.041 
;-.->. 
N 
VI 
Table A.2 continued ••. 
Cast Diameter 
Number (mm) 
C Mn Si S 
55911 10 0.19 1.34 0.34 0.035 
55929 10 0.22 1.28 0.32 0.035 
55937 10 0.24 1.17 0.37 0.021 
55961 10 0.18 1.28 0.35 0.027 
58121 10 0.19 1.23 0.32 0.033 
58147 10 0.19 1.17 0.29 0.032 
._ ... ... 
Chemical Analysis 
P Ni Cr Mo 
0.034 0.12 0.12 0.024 
0.022 0.10 0.10 0.019 
0.030 0.10 0.12 0.Q19 
0.025 0.08 0.09 0.013 
0.026 0.10 0.11 0.015 
0.027 0.09 0.09 0.Q15 
--
.._-
------ ~ 
Cu Sn 
0.45 0.032 
0.52 0.041 
0.36 0.030 
0.37 0.027 
0.34 0.036 
0.32 0.032 
I -.-~ 
V 
0.042 
0.042 
0.042 
0.040 
0.036 
0.035· 
,.... 
N 
0\ 
Cast Diameter 
Number (mm) 
C 
12439 32 0.11 
28 0.11 
24 0.11 
20 0.11 
12447 32 0.12 
28 0.13 
24 0.13 
20 0.13 
12455 32 0.16 
28 0.15 
24 0.15 
20 0.15 
Table A.3: Chemical composition of "low carbon trial heats" 
Chemical Analysis 
Mn Si S P Ni Cr 
1.25 0.34 0.025 0.024 0.12 0.10 
1.21 0.32 0.024 0.024 0.12 0.10 
1.17 0.31 0.022 0.023 0.12 0.09 
1.22 0.33 0.021 0.023 0.12 0.10 
1.22 0.34 0.026 0.016 0.11 0.09 
1.21 0.34 0.026 0.016 0.11 0.09 
1.18 0.32 0.024 0.017 0.11 0.09 
1.19 0.32 0.023 0.018 0.11 0.10 
1.22 0.36 0.028 0.016 0.10 0.09 
1.23 0.35 0.030 0.016 0.10 0.09 
1.24 0.35 0.024 0.015 0.10 0.09 
1.21 0.34 0.023 0.015 0.10 0.09 
Mo Cu 
0.014 0.29 
0.014 0.27 
0.014 0.27 
0.014 0.27 
0.014 0.25 
0.014 0.25 
0.015 0.25 
0.014 0.25 
0.015 0.24 
0.014 0.24 
0.015 0.24 
0.015 0.24 
Sn 
0.029 
0.029 
0.029 
0.030 
0.027 
0.026 
0.028 
0.028 
0.030 
0.029 
0.030 
0.030 
V 
0.038 
0.037 
0.035 
0.036 
0.038 
0.038 
0.037 
0.037 
0.039 
0.039 
0.038 
0.038 
l--4 
tv 
-.....l 
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58 
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Figure B.1: Details of the tensile specimen machined from 
. 10 mmj12 mm deformed bar 
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Figure B.2: Details of the tensile specimen machined from 
20 mm deformed bar 
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APPENDIX C 
TENSILE RESULTS OF REINFORCING STEEL 
Table C.1: Tensile results of Grade 300 reinforcing steel 
Bar Machined Specimen Lab Deformed P.S. Deformed 
CAST NO. Diameter 
mm LYS TS EI LS n k .1Y- AU .1EI LYS TS LS LYS TS EI 
MPa MPa. % % MPa MPa MPa % MPa MPa % MPa MPa % 
61414 32 344 490 32 2.3 0.289 1029 70 53 4 302 460 2.0 319 462 33 
61473 32 336 492 32 2.2 0.276 1016 64 44 3 297 450 2.2 320 466 34 
63139 32 317 478 30 1.5 0.283 1000 68 81 4 312 475 1.5 325 461 31 
63210 32 324 493 33 1.7 0.279 1012 56 47 4 290 451 1.7 338 488 34 
63228 32 342 498 32 1.9 0.285 - 1038 67 45 4 305 460 2.0 316 452 31 
63236 32 354 513 30 1.9 0.265 1026 75 52 1 307 473 1.8 326 470 30 
63261 32 323 488 34 2.2 0.293 1059 70 51 5 305 454 2.2 320 456 29 
63279 32 329 492 33 2.0 0.270 989 69 51 4 294 458 2.0 321 468 27 
63287 32 333 484 33 2.0 0.281 997 62 66 7 312 466 2.1 325 462 29 
58317 28 334 482 33 1.7 0.240 914 68 45 6 312 420 1.8 306 451 31 
58325 28 340 474 35 1.9 0.234 915 62 50 6 311 429 1.9 321 457 26 
58350 28 328 499 33 2.1 0.272 1009 58 43 5 318 429 2.3 353 484 24 
58368 28 341 484 35 2.0 0.245 913 67 49 6 304 417 2.2 324 451 29 
58376 28 343 493 35 1.8 0.238 913 68 53 6 318 430 2.0 348 474 29 
58392 28 349 489 33 2.0 0.229 889 68 48 5 312 422 1.9 357 504 31 
58406 28 327 495 33 2.0 0.288 1048 71 48 3 311 426 1.7 317 444 27 
58465 28 354 501 33 1.9 0.248 971 69 43 5 322 430 2.0 344 465 29 
58473 28 342 493 35 2.2 0.262 969 68 40 5 314 426 2.0 332 469 29 
58503 28. 342 502 . 33 1.9 0.254 970 69 47 -6 315 421 1.9 341 480 33 
60635 28 332 479 33 2.1 0.206 1145 65 _ 47 4 304 455 2.1 308 441 33 W 
I--' 
Table C.1 continued ... 
Bar Machined Specimen 
CAST NO. Diameter 
mm LYS TS EI LS n k ..:1Y ..:1U 
MPa MPa % % MPa MPa MPa ' 
60741 28 ,337 498 32 2.0 0.268 999 72 42 
60759 28 ' 314 A70 35 1.9 0.263 920 73 49 
60783 28 317 477 33 1.9 0.299 1031 60 49 
60805 28 327 496 35 2.1 0.280 1021 63 43 
60813 28 373 482 33 1.9 0.273 983 68 85 
61091 28 342 512 33 1.9 0.287 1096 61 43 
58511 24 343 510 33 2.1 0.289 1109 76 39 
60236 24 321 468 35 2.6 0.273 939 75 43 
60317 24 339 481 35 2.3 0.269 980 72 46 
60325 24 349 484 35 1.7 0.151 748 79 48 
60333 24 338 469 36 2.1 0.259 922 71 39 
61457 24 340 488 35 2.3 0.258 945 71 42 
61503 24 339 495 35 2.1 0.266 979 76 44 
63724 24 346 487 35 1.6 0.242 922 72 40 
63741 24 349 499 33 2.1 0.262 978 ·74 40 
63872 24 340 485 35 1.2 0.230 893 71 49 
63902 24 352 510 33 2.0 0.274 1036 76 47 
63929 24 340 488 33 2.1 0.276 996 76 47 
63937 24 342 490 33 1.6 0.233 906 75 46 
63961 24 367 487 35 1.9 0.247 938 86 120 
64066 20 364 529 33 2.5 0.271 1064 73 44 
64074 20 341 490 33 2.4 0.270 985 66 40 
64082 20 351 484 37 1.8 0.252 928 40 58 
64091 20 352 504 35 1.8 0.253 969 70 34 
64112 20 336 483 35 2.2 0.235 892 71 42 
64121 20 326 463 36 2.7 0.181 755 65 38 
64104 20 331 460 37 2.3 0.240 858 68 46 
64147 20 333 479 37 1.9 0.245 910 69 42 
Lab Deformed 
..:1EI LYS TS LS 
% MPa MPa % 
4 314 433 1.9 
-7 298 398 1.9 
6 303 443 1.9 
6 305 463 2.0 
6 322 484 1.7 
6 315 476 1.9 
5 306 407 2.0 
4 288 365 1.8 
6 297 409 1.8 
6 340 385 1.8 
7 277 378 1.8 
6· 312 396 1.8 
7 304 389 1.8 
7 319 396 1.7 
5 319 402 1.9 
7 310 391 1.2 
6 304 416 1.9 
4 304 389 2.0 
4 306 382 1.7 
6 299 391 1.6 
4 332 491 2.1 
2 326 455 1.9 
4 321 451 1.5 
5 326 465 1.5 
4 307 441 2.3 
4 311 426 2.7 
5 302 421 2.0 
7 303 372 2.6 
P.S. Deformed 
LYS TS EI 
MPa MPa % 
'326 475 30 
300 445 _,_34 
318 464 33 
332 474 32 
326 456 31 
339 486 29 
343 479 32 
372 503 34 
319 457 38 
325 469 31 
318 437 32 
321 457 32 
323 458 35 
325 453 36 
333 461 34 
332 461 34 
345 477 30 
319 460 32 
320 464 32 
326 458 31 
348 468 36 
332 451 36 
337 472 35 
343 485 34 
332 469 34 
320 464 35 
315 424 37 
332 455 36 ,..... CJ,) 
N 
Table C.1 continued •.. 
Bar Machined Specimen 
CAST NO. Diameter 
mm ISS TS EI LS n k .:1Y 
MPa MPa % % MPa .MPa 
64155 20 348 489 36 2.2 0.254 935 74 
64171 20 338 478 36 2.5 0.271 1015 60 
64228 20 335 485 36 2.3 0.261 947 72 
64201 20 348 500 35 2.2 0.263 977 65 
64236 20 347 491 34 2.1 0.276 1002 68 
64244 20 337 495 35 1.9 0.236 912 63 
64210 20 352 497 34 2.1 0.249 957 75 
Lab Deformed 
.:1U .:1EI LYS TS LS 
MPa % MPa MPa % 
44 5 315 444 2.4 
60 5 328- 465 2.6 
50 7 323 450 2.3 
41 6 323 455 2.6 
55 3 323 460 1.7 
42 6 313 .452 1.5 
53 6 313 451 1.7 
P.S. Deformed 
LYS TS 
MPa MPa 
338 468 
327 455 
319 444 
341 479 
335 459 
325 468 
329 467 
EI 
% 
35 
35 
34 
35 
35 
35 
35 
e--' 
W 
W 
Table C.2: Tensile results of Grade 430 reinforcing steel 
Bar Machined Specimen 
CAST NO. Diameter 
·mm LYS TS EI LS n k .1Y .1U .1EI 
MPa MPa % % MPa MPa MPa % 
63171 32 457 631 27 1.3 0.208 1138 51 28 3 
63198 32 434 595 29 1.3 0.208 1072 29 15 2-
63341 32 424 586 29 1.3 0.211 1047 50 19 2 
63376 32 465 623 27 1.3 0.203 1112 39 16 1 
63384 32 455 622 28 1.3 0.212 1127 46 18 4 
63392 32 455 638 28 1.0 0.170 1062 28 4 0 
63414 32 440 607 28 1.3 0.201 1069 49 16 2 
63422 32 435 585 34 1.5 0.290 1033 52 50 ' 7 
63431 32 461 630 28 1.3 0.206 1126 53 22 2 
63449 32 463 634 28 1.1 0.202 1128 45 22 3 
63457 32 506 713 25 1.0 0:181 1210 15 20 3 
63465 32 445 592 30 1.5 0.199 1037 45 15 2 
63473 32 459 621 25 1.1 0.204 1095 45 24 1 
63481 32 474 654 27 1.1 0.182 1125 31 11 1 
63490 32 458 617 29 1.2 0.201 1095 46 35 2 
63503 32 453 611 28 1.3 0.212 1107 53 23 3 
63511 32 444 612 29 1.1 0.202 1084 23 15 1 
63520 32 435 609 29 1.0 0.198 1069 35 19 2 
63538 32 447 615 26 1.2 0.206 1102 35 16 1 
63562 32 469 643 25 1.2 0.206 1153 45 22 0 
63571 32 478 645 27 1.2 0.198 1131 45 9 1 
63589 32 499 662 26 1.0 0.188 1140 52 39 0 
63597 32 502 665 27 1.2 0.187 1133 55 30 1 
63546 32 458 647 27 1.0 0.188 1113 34 6 2 
63601 32 493 662 28 1.0 0.177 1111 64 51 7 
63619 32 474 630 26. 1.1 0.200 1113 50 29 ... - 2 
63635 32 483 665 26 1.0 0.201 1185 28 16 1 
Lab Deformed 
LYS T$ LS 
MPa MPa % 
393 566 1.3 
. 395 .. 550 1.4 
402 535 1.3 
424 572 1.3 
410 596 1.3 
440 560 1.0 
410 563 1.4 
405 560 1.4 
422 579 1.2 
429 587 1.1 
490 654 1.0 
402 546 1.5 
424 514 1.1 
458 578 1.1 
427 581 1.2 
407 563 1.4 
405 ·560 1.1 
407 547 1.2 
414 566 1.2 
424 584 1.0 
446 591 1.2 
473 624 1.0 
478 618 1.5 
424 576 1.0 
468 627 1.1 
449 603 1.1 
458 617 1.2 
P.S. Deformed 
LYS TS 
MPa MPa 
451 602 
445 573 
451 . 583 
448 583 
458 614 
450 600 
446 583 
443 579 
447 590 
448 584 
533 691 
454 587 
457 592 
498 646 
502 650 
454 597 
450 577 
451 585 
479 619 
458 603 
473 598 
505 641 
500 631 
461 598 
505 643 
472 614 
503 624 
EI 
% 
19 
23 
24 
22 
22 
18 
18 
24 
22 
20 
21 
19 
22 
19 
24 
25 
25 
25 
22 
22 
19 
19 
21 
20 
20 
28 
26 
I 
f-I. (j.) 
~ 
Table C.2 continued ... 
Bar Machined Specimen 
CAST NO. Diameter 
mm LYS TS EI LS n k .:1Y 
MPa MPa % % MPa MPa 
63651 32 453 619 27 1.2 0.205 1106 33 
·63660 32 460 618 30 1.2 0.200 1109 32 
63694 32 446 612 27 1.2 0.215 1119 35 
63759 32 483 652 25 1.2 0.213 1187 64 
63767 32 458 609 29 1.4 0.223 1134 48 
63783 32 462 655 28 1.1 0.204 1177 42 
63775 32 454 625 27 1.1 0.205 1119 19 
63805 32 450 615 29 1.0 0.205 1116 44 
63813 32 470 648 25 1.3 0.212 1181 37 
63830 32 439 601 28 1.3 0.203 1066 54 
63406 32 462 631 29 1.2 0.1.95 1106 51 
57961 28 501 665 27 1.3 0.187 1150 55 
58015 28 480 669 27 1.1 0.187 1142 50 
58023 28 486 669 27 1.0 0.176 1121 29 
58040 28 463 630 29 1.4 0.205 1119 50 
58058 28 459 633 29 1.1 0.171 1044 53 
58066 28 481 643 28 1.3 0.195 1119 49 
58074 28 481 645 28 1.3 0.174 1072 44 
58104 28 499 671 27 1.4 0.185 1144 47 
58163 28 456 612 29 1.6 0.200 1075 54 
58171 28 473 661 28 1.0 0.196 1157 60 
58180 28 486 652 27 1.2 0.163 1059 32 
58198 28 486 659 27 1.2 0.192 1132 55 
58201 28 517 685 33 1.4 0.178 1147 21 
58210 28 463 633 29 1.2 0.187 1154 28 
58228 28. 505 707 26 1.1 0.208 1278 29 
60872 28. 455 605 29 1.2 0.214 1099 62 
Lab Deformed 
.. 
.:1U .:1EI LYS TS LS 
MPa % MPa MPa % 
15 4 410 560 1.2 
9 2 432 547 1.4 
24 1 410 563 1.2 
35 0 439 603 1.4 
27 1 412 560 1.4 
19 2 432 598 1.2 
19 1 417 578 1.2 
16 1 414 569 1.1 
13 0 422 583 1.2 
28 1 405 548 1.5 
9 4 440 570 1.2 
23 3 487 601 1.3 
8 4 478 596 1.0 
20 2 478 594 1.0 
7 4 430 549 1.3 
19 5 430 555 1.0 
14 2 441 552 1.1 
13 2 455 577 1.2 
10 3 473 592 1.5 
24 2 427 542 1.3 
19 2 454 578 1.1 
6 0 473 593 1.3 
26 4 468 586 1.1 
7 6 489 612 1.3 
7 2 440 561 1.1 
9. 1 477 625 1.1 
27 3 408 565 1.3 
P.S. Deformed 
LYS TS 
MPa MPa 
443 578 
439 586 
461 600 
451 580 
444 577 
451 584 
463 598 
440 583 
464 613 
444 574 
458 596 
493 622 
458 597 
517 648 
452 593 
476 617 
469 612 
473 636 
488 635 
458 590 
471 624 
496 636 
480 626 
502 651 
466 609 
504 667 
443 573 
EI 
% 
24 
19 
21 
21 
26 
21 
26 
22 
23 
26 
29 
25 
31 
27 
28 
24 
24 
28 
21 
27 
24 
21 
23 
22 
24 
19 
25 
...... 
Vl 
VI 
Table C.2 continued ... 
Bar Machined Specimen 
-
-'. 
CAST NO. Diameter ., -- --.- ------
LYS TS EI LS 
---.-
k ..1Y mm n 
. MPa MPa % % MPa MPa 
60881 28 470 645 28 1.3 0.211 1177 60 
.60899 1 28 470 628 28 1.4 0.210 1132 55 
60902 28 481 643 27 1.4 0.207 1154 33 
60911 28 463 631 28 1.3 0.201 1118 44 
60937 28 461 635 29 1.0 0.199 1121 54 
60953 28 452 617 29 1.2 0.207 1103 52 
62911 28 466 629 29 1.0 0.178 1059 49 
62937 28 475 660 27 1.0 0.199 1164 24 
62945 28 430 595 29 1.2 0.210 1068 58 
62953 28 443 596 28 1.1 0.203 1061 53 
62961 28 448 610 29 1.3 0.207 1089 46 
62970 28 457 621 29 1.2 0.202 1106 45 
62996 28 456 616 27 1.3 0.206 1099 58 
63007 28 457 635 29 1.1 0.200 1123 50 
63015 28 456 633 28 1.1 0.196 1103 54 
63066 28 465 636 28 1.2 0.195 1113 48 
63082 28 468 644 29 1.1 0.208 1160 . 42 
63091 28 466 658 27 1.0 0.198 1159 41 
54465 24 493 658 27 1.3 0.200 1184 59 
54457 24 485 640 27 1.3 0.212 1158 54 
58082 24 484 634 29 1.2 0.197 1114 62 
58155 24 447 602 28 1.1 0.201 1061 55 
58252 24 469 629 28 1.0 0.185 1069 55 
60121 24 470 637 29 1.1 0.172 1055 60 
60139 24 486 654 30 1.1 0.177 1103 29 
60155 24 478 650 28 1.1 0.187 1125 40 
60431 24 463 615 I 29 1.3 0.173 1013 39 
Lab Deformed 
-iU 
..1EI LYS TS LS 
MPa % MPa MPa % 
24 2 439 599 1.4 
25 1 433 586 1.3 
22 1 446 606 1.3 
20 1 430 583 1.3 
26 4 427 585 1.0 
18 4 414 565 1.2 
20 2 433 601 1.0 
14 1 447 614 1.0 
27 3 401 562 1.2 
44 4 414 572 1.1 
23 1 414 568 1.0 
18 1 422 577 1.0 
29 3 420 577 1.3 
14 2 427 568 1.2 
16 3 427 588 1.2 
24 3 438 588 1.1 
21 2 438 604 1.1 
8 2 438 611 1.0 
14· 4 360 658 1.2 
13 1 442 539 1.2 
110 3 429 531 1.1 
81 3 410 522 1.1 
12 4 427 522 1.1 
15 3 433 515 1.0 
9 4 446 535 1.0 
13 2 433 526 1.0 
6 0 342 550 1.2 
- . 
P.S. Deformed 
LYS TS 
MPa MPa 
. 475 616 
468 601 
468 611 
457 597 
449 590 
443 586 
471 610 
485 630 
447 588 
439 586 
447 576 
469 598 
467 606 
455 597 
457 600 
493 642 
466 607 
462 607 
462 603 
468 609 
462 597 
457 583 
455 584 
466 620 
487 621 
466 603 
478 617 
EI 
% 
27 
22 
25 
22 
25 
23 
22 
21 
25 
26 
26 
29 
23 
22 
22 
24 
26 
26 
20 
23 
28 
28 
23 
23 
25 
24 
24 f-' ~ 
0\ 
Table C.2 continued ... 
Bar Machined Specimen 
CAST NO. Diameter 
mm LYS TS EI LS n k LtY 
MPa MPa % % MPa MPa 
60520 24 463 627 29 1.6 0.221 1158 53 
60538 24 477 63!1, 29 1.7 (t211 1'139- _ 43-
60554 24 481 647 29 1.4 0.189 1173 34 
60597 24 469 647 28 1.2 0.206 1165 66 
60601 24 463 631 28 1.4 0.227 1183 61 
60619 24 475 641 29 1.4 0.213 1170 59 
60627 24 451 629 29 1.0 0.217 1167 51 
63201 24 509 679 28 1.2 0.152 1077 43 
63295 24 445 600 31 1.1 0.186 1011 58 
63309 24 471 630 29 1.1 0.166 1025 40 
63368 24 462 618 29 1.4 0.218 1161 ' 53 
63627 24 440 599 28 1.6 0.210 1072 70 
63708 24 469 632 28 1.1 0.222 1190 45 
64317 24 478 635 29 1.1 0.179 1061 61 
57899 20 456 601 30 1.4 0.195 1035 45 
60147 12 470 630 28 1.7 0.218 1124 66 
60163 12 474 637 30 1.7 0.224 1097 70 
60198 12 439 647 27 1.2 0.213 1090 57 
60210 12 445 636 29 1.6 0.200 1121 97 
60244 12 473 610 33 2.1 0.240 1133 52 
60295 12 468 617 32 2.0 0.213 1067 57 
60368 12 461 627 32 2.1 0.235 1124 92 
60384 12 433 634 30 1.8 0.195 956 51 
60392 12 494 656 32 1.7 0.195 1065 92 
60414 ' 12 480 623 32 2.0 0.211 1034 43 
60422 12 481 624 3Q 1.8 0,217, 1Q§Q 49 
55911 10 485 -720 28 ,,1..4 0.189 - '1107 61 
-
Lab Deformed 
LtU .1EI LYS TS LS 
MPa % MPa MPa % 
10 0 420 ! 526 1.5 
6 2 438 '531 1.2 
32 3 444 528 1.2 
21 2 427 526 1.1 
16 1 429 508 1.0 
15 2 429 506 1.2 
7 1 412 506 1.0 
9 3 472 535 1.2 
11 3 394 495 1.1 
8 2 455 517 1.1 
15 1 416 519 1.3 
25 2 399 493 1.7 
5 0 310 546 1.2 
13 2 433 528 1.2 
31 0 434 566 1.5 
29 4 487 625 2.0 
6 1 467 609 1.8 
3 5 446 611 1.3 
41 3 502 648 1.7 
4 1 472 600 2.2 
21 4 465 602 2.1 
5 0 469 605 2.2 
1 1 434 566 1.8 
7 2 487 625 1.7 
5 8 460 587 2.0 
25 2 458 613 2.2 
--
" 2 4 485 641 1.5 
P.S. Deformed 
LYS TS EI 
MPa MPa % 
458 602 30 
463 612 - 24 
485 633 22 
456 607 23 
463 608 21 
457 597 28 
447 598 15 
479 604 21 
457 581 26 
462 590 26 
448 577 23 
453 581 28 
481 617 23 
463 596 23 
487 633 22 
480 629 24 
474 612 23 
449 587 25 
475 621 23 
475 622 25 
467 598 29 
454 577 28 
463 579 33 
487 602 28 
475 603 21 
494 609 32 
475 635 26 
,-' 
~ 
tJJ 
-.....l 
Table C.2 continued ... 
Bar Machined Specimen 
CAST NO. Diameter 
mm LYS TS EI LS n k 
MPa MPa % % MPa 
55929 10 470 661 30 .1.2 0.185 .1111 
55937 10 435 496 35 1.8 0.261 922 
55961 10 489 658 28 1.3 0.179· 1009 . 
-
58121 10 491 652 29 2.0 0.192 1073 
58147 10 483 638 33 1.7 0.198 1077 
- ~--
- . 
Lab Deformed 
.LiY .LiU .LiEf LYS TS LS 
MPa MPa % MPa MPa % 
64 22 2 461 650 1.0 
70 143 ·4 ~346 461 1.9 
36 10 3 461 607 1.3 
36 5 1 494 629 2.1 
30 7 2 469 612 1.9 
.. 
P.S. Deformed 
LYS TS 
MPa MPa 
493 662 
505 649 
492 633 
483 625 
457 617 
EJ 
% 
25 
25 
30 
28 
25 
_. 
, 
I 
I 
..... (.;l 
00 
Table C.3: Tensile results of "low carbon trial heats" 
Bar Machined Specimen 
CAST NO. Diameter 
mm LYS TS El LS n k ,dY ,dU ,dEl 
MPa MPa % % MPa MPa MPa % 
12439 32 400 535 31 1.6 0.192 905 63 26 2 
28 406 538 32 1.9 0.198 920 69 32 2 
24 409 541 32 2.1 0.194 908 60 22 2 
20 396 534 34 1.3 0.204 937 59 34 4 
12447 32 395 556 30 1.2 0.200 959 59 21 4 
28 403 552 30 1.5 0.202 961 63 19 0 
24 403 545 32 1.5 0.197 936 65 24 3 
20 406 549 33 1.4 0.203 956 62 32 3 
12455 32 397 551 32 1.4 0.205 959 62 22 6 
28 426 599 29 1.1 0.202 1049 67 19 1 
24 428 588 30 1.3 0.191 1005 65 23 1 
20 407 565 33 1.3 0.210 1000 62 32 4 
Lab Deformed 
LYS TS LS 
MPa MPa % 
371 463 1.4 
382 452 1.9 
377 460 1.7 
381 472 1.4 
381 476 1.0 
385 487 1.5 
377 460 1.6 
400 452 1.4 
378 478 1.5 
422 526 1.3 
412 502 1.4 
405 472 1.3 
P.S. Deformed 
LYS TS 
MPa MPa 
398 512 
399 515 
388 504 
393 524 
394 507 
405 521 
392 512 
393 531 
414 537 
425 554 
422 554 
420 564 
EI 
% 
26 
30 
29 
30 
27 
31 
28 
31 
27 
28 
24 
31 
I-" 
VJ 
\0 
